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GAsEs

Theprofilessadtbiclmessesofnormal.shockwavesofmoderate
strengthhavebeendeterminedexperimentallyintermsofthevariation
oftheequilibriumtemperatureofan insulatedtransversecylinderin
free-moleculeflow. Theshockwaveswereproducedina steadystatein
thejetofa low-densitywindtunnel,at initialMachnumbersof1.72
@L82iII hdiumandL78, L85, 1.90,1.98,3.70,aRd3.91iII&.
Theshockthickness,deteminedfrmnthemadnumslopeofthecylinder
temperatureprofile,variedfrom5 to ~t~s thelengthoftheMsxwell

meanfreepathinthesupersonicstresm.A ccqarisonbetweentheexper-
imentalshockprofilesandvarioustheoreticalpredictionsleadstothe
tentativeconclusionsthat: (1)TheNavier-Stokesequationsareadequate
forthedescriptionoftheshocktransitionforinitialMachnumbersup
to 2,sad(2)
accountedfor
ficientequal

;heeffectsofrotationalr-tion thes inaircanbe-
bytheintroductionofa “second”or “bulk”viscositycoef-
to abouttwo-thirdsoftheordinaryshearviscosity.

13iTROIIUCIWXf

A preciseexperimentaldeterminationofthestructureandthiclmess
ofthenomal shockwaveisoffundamentalinterestinthestudyofgas
@r18d-csbecauseitdoesmuchto definetheusefulnessoftheNavier-
Stokesequations,orof,- alternativesetofequations,forpredicting“
thebehaviorofa verynonimiformgas. Jnaddition,theobservednature
oftheshockwaveshedsconsiderablelightonthemagmitudeandcharacter
ofso-called“relaxationeffects”associatedwiththefinitetimerequired
to obtainequipsrtitionofenergyamongthetranslzhionalamdinternal
motionsofa polyatamicmolecule.

Theadvantagesofthenormalshockwaveasan objectofbothexperi-
ment&Lsmdtheoreticalstudyare:

(1)TheOne-dhlensionalityoftheflow
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(2)
uponthe

(3)

Thelackofdependenceoftheinternalshock-wavestructure
natureofboundaryconditionsata fluid-so~dinterface

Therelativelyhighdegreeofnonuniformityoftheflow,which
is sufficientina shockofmoderatestrengthtocausemeasurabl&dif-
ferencesintheprofilespredictedbyvarioustheories

(4)Thedependenceofthedegreeofnonuniformity,tobe defined
by dimensionlessvaluesofthestressandheatfluxinthefluid,orby
thefractionalvariationofmeanflowpropertiesoverthelengthofa
molecular-meanfreepath,upona stngleshock-strengthparsmeter ..

Itisthelast-namedpropertyoftheshockwavewhichsuggeststhe ‘
useofthelow-densitywindtunnelforexperimentalinvestigation.Since
thepertinentscaleofdistanceintheshockwaveisthemean-free-path
length,useofthe.low-~~tith itsrelativelylongmean
freepat&_willrelievethemosttroublesomeclifficultyof shock-wave-
structureexperiments- theaccurateresolutionoftheverys- shock
thicknessesfoundinnormal-densitywiM tumnelsandshocktubes.
Whereasthethiclmessofa shockinairata Machnumberof 2 maybe

1.1x 10-5inchatstandardtemperatureandpressure(conditionsupstream
ofthewave),thesameshock(i.e.,sameMachnumber)willhavea thickness
of0.047inchintheno.3 low-densitywindtunnel.

Thetheoreticalproblansinvolvedin calculatingtheprofileofthe
steadynormalshockwavehavebeentreatedina Mteraturelwhichorig-
inatedwithpapersbyRanMne,Rayleigh,andTaylor.Subsequently,the
treatmentoftheproblembyuseoftheNavier-Stokeseqyationsandthe “’
assumptionofa peflectgashasbeenbroughtto a satisfactorycom-

‘.

pletion,sothatonemaynowpredicttheeffectsofvariationofW the
significantparameters(I@chnumber,Prandtlnumber,andspecific-heats
ratio) sndtskeintoaccountthetempera- dependenceoftheviscosity,
thermalconductive@,andPrandtlnumber.Evenweakrelaxationeffects“~
havebeenaccountedforina recentpaper

[
ref.16)throughtheintro-

ductionofa secondviscositycoefficientalsocalledbulk,volwne,or
compressionviscosity)whichisassunedtohavethesametemperature
dependenceastheordinaryshearviscosity.

severalawthorssmongthose13stedhaveconcludedonthebasisof
theircalculationsthattheflowwithin~ buttheweakestshocksis
sononuniformthatit cannotbe accuratelydescribedbytheNavier-Stokes
equations.Theeqpationswhichareususlllysuggestedas improvements
arethosederivedfroma kinetic-theoryviewpoint,by themethodsof
Enskog,Chapman,Burn4t,andGrad(see,e.g.,refs.17and18).These

%ee references1 to16fora representativebutnotexhaustive
bibliography.
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morecompMcatedequationshavebeenderivedfora monatomicgasonly
andhavebeenappliedtothecalculationof shock-waveprofilesinthree
recentpapers(refs.7,12,and15)withresultswhichwereconcluded,
particularlyby GradsndZdler,tobe preferabletotheNavier-Stokes
resultsforMachnumbersgreaterthanabout1.3.Thebasisforthepref-
erenceislargelythatthepredictedshockthiclmessesarerelatively
greateraccordingtothemorecomplicatedtheories.Partlybecauseof
theplausiblenatureofthederivationofthehigherorderkinetic-theory
equations$andpartlybecausesomeofthecomp~isonsof shockthicknesses
calculatedfromthemandfromtheNavier-Stokesequationswereimproperly
drawn,theNavier-Stokesequationshavefallenlatelyintosomedisrepute.
Ontheotherhand,itmaybe emphasizedthatthislineofthinkinghasc
beento dateahost entirelyinspiredbytheory,sincelittleorno exper-
imentalinformationisavaibbleonflowswhicharesufficientlynon-
unifomtomakea measurabledifferenceinthepredictionsofvarious
theories.Eventhepurelytheoreticaltrendofthoughthasencountered,1
sanerebuttal,notablyby Gil.bsrgand”Paolucci(ref.16).

..
Althoughtheusualexperimentalstudyofrelamtionphenmenain

polyatomicgaseshasto dowiththeabsorptionandanomalousvelocity
dispersionofforcedultrasonicwavesina gas,2 t~ effectsOfW3@43
internalenergiesareeqyallyevidentinthestructureofa nomal shock
wave. Iftherelaxationtimesaresosmallthattheireffectscanbe
representedfluidmechanicallyby a nonzerovalueofthebulkviscosity
(refs.7 and16),analysisshowsthattheshockthic-ss iS increased
by therelaxationeffect,quitemeasurablyforeverithesmhllefivalues
forbulkviscositygivenintheultrasonicliterature,althoughtheshape
oftheshockprofileisnotgreatlyaltered.E, ontheotherhand,the

. lagofinternalenergiesis soseverethatitisappropriateto describe
thegaswithintheshockas a reactingmixturewithsensiblydifferent
temperaturesforthetranslationalandinternalmotions,thenitmaybe
expectedthattheshockprofilewillasswnea shapeconsiderablydifferent
fromthatofa shockina monatomicgas. Theprofil.efortherelaxing
gaswouldbe characterizedby a zoneofcomparativelyrapidtransition
forthetransla.tionslmotionsmixedwithandfoILowedby a longerzoneof
adjustmentofener~betweenthetranslationalandinternaldegreesof
freedcm(refs.20to 22).

TheexperWntalinvestigationreportedhereinisnotthefirstto
be directedtowarda determinationofthestructureandthiclmessof shock
wavesorto considertheshockwaveasa usefulsourceofMormationcon-
cerningrelaxationeffects.Greene,Cowan,andHornigofBrownUniversity
haveforseveralyearsbeendevelopinga remarkableprogramofsimilar
intent,utilizinga measurementoftheopticalreflectivityof shockfrents

%eference19givesa goodsmmaryofthiswork.
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4 NACATN3298

passingthrougha shocktubeat atmosphericpressureandabove(refs.23
to 25). Thepresentstudieswereundertakenbecausetheexperimental
methodandtoolsareentirelydistinctfrcmthoseemployedby Greene,
Cowan,andHornigandseemto offercertainadvantagesindirectnessand
delxcilofmeasurementandinaccuracyandinterpretationofresults.

ThisworkwasconductedattheUniversityofCaliforniaunderthe
sponsorshipandwiththefinancialassistanceoftheNationalMvisory
CommitteeforAeronautics.
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specificheatat constantpressure‘

specificheatat constantvolume

numberofexcitedinternsldegreesoffreedomof a molecule

referencelength,ft

Machnmnberupstreamof shockwave

Prandtlntiber

pressure,lb/sqft

tid-tunnelreservoirtemperature,OR

referencetemperature,RR,
()
~ To

wiretemperature,%

dimensionless,normalizedwiretemperature

macroscopicflowvelocity,fps

dimensionless,nmmalizedflowvelocity

distanceslongflow,ft

dimensionlessdistsmcealongflow
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7 specific-heatsratio,cp/%

6 “area”shockthiclmess(fig.10),f%,orunitsof y

b “maximum-slope”shockthiclmess(fig.10),f%,orunitsof y

~ij ICroneckerdeltafunction

e dimensionlessshock-strengthparameter

K bullcviscositymodulus,lb-sec/sqft;definedbyNatier43tokes
formulationforviscousstress

5

Al Maxwellmeanfreepathupstreamof shock,ft

P shearviscositymodulus,lb-sec/sqft

& x-componentoftotalmolecularvelocity,fps

P density,slugs/cuft

Othersymbols,usedintheappendixes,aredefinedwherethey
appear.

A normal
priately

essenceoftheexperimentalmethodcanbe describedverybriefly.~
shockwavei producedina steadystateby introducinganap@ro-

[designedobsacleintothesupersonicjetofthelow-density
windtmlnel.Theshock-waveprofileisthenrecordedinternsofthe
vsriationintheequiMbriumtemperatureofa small-diameterwireoriented
parsllleltotheplaneoftheshock,asthewireistraversedthroughthe
shockzone.As a consequenceoftherelativelylongmeanfreepathschar-
acterizingthelow-densitywind-tunnelflows,temperature-sensitivewires
maybe obtainedwithdismeterssufficientlysmallcanparedwtththemean-
free-pathlengthsothatthepresenceofthewireintheshockzonedoes
notdisturbthemacroscopicflowpattern.UudersuchcondMionsoffree-
moleculeflow,itispossibletomakea theoreticalcalculationofthe
w&e temperatureatanypointinthegasatwhichthemoleculardistri-
butionfunctionisknownandsotorelatethewiretemperatureprofileof
a shocktotheveloci~ordensityprofile,andsoforth.Thisavaila-
bilityofa free-molecule-flowhot-wireanemometerforlow-densitywind

b

—. . ..-. .-e ——-— . .._ . ..—
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6 NACATN3298

tumnelswasfirstnotedby !J%ien(ref.26). 5e methodis comp~cated ‘‘
experimentallybyproblemsofproducinga shockwhichappro~tes closely
thetheoreticalmodel,inwhichthe13mitingflowsupstreamanddownstream ~‘
oftheshocksreperfect~unifo~,aadbyprobkmsofminimizingextra.
neousthermalexchangesto thewiredueto radiationandmetdlliccon.
duction.Thesearediscussedinlatersectionsandima~endixA.

Theoretical.interpretationsoftheresultsstemlargelyfromthe
basicworkby Staiderandassociates(refs.~ to ~), whoinvestigated
thefree-moleculecylinderina uniformstream,andfromrecentworkby
B&U.(ref.30),whoconsideredtheeffectsofnonuniformitiesintheflow.
AppendixesB andC aredevotedto applicationoftheirmethodstothe
predictionofwiretemperatureprofilesforcomparisonwiththeexperi-
mental.results.

Ewmmmmm APPARA!IUSAN-DPROCEDURE

DevebpnentofApparatus

ShockhOlderS.-Thetypeof shock-producingdevicewhichwasfinally ,
developedis showninfigure1. It consistsofa thin-walledcircular
cyld.nderorconefrustiwhichisimmersedintheuniformportionofthe
wind-tunneljet. Thecylinderisdined csrefullywithitssxisparallel &
tothedirectionofflowandisprovidedwithsomemovabledevicewith
Whichtovarytheopensreaofitsdownstreamend. Whenthedownstream
openlogis completelyplugged,a shockstandsdetachedasinfrontofan
impacttubeorotherbluntbody. As showninfigure2,gradualWithllrawd
ofthepluggingdevicedecreasesthedetachmentdistanceandthecurvature
ofthecentralportionoftheshockwaveuntila planeshockwaveis
obtainedattheentryofthecylinder.(fLctuddy,theshockiS swallowed“ ‘
inthelastpictureshowninfig.2.) Theidealshockholderd thistype
shouldbehaveinthefollowingmanner:Theshockshouldbeheldstably
ande=ctlyacrossthemouthofthecyldnder,sothatitwillbeplane
sndnormaltotheflow. Theshockshouldbefollowedby a regionofuni-
formsubsonicflowof sufficientextenttopermitidentfiicationofany
suspectedrelaxationeffectsdownstreamoftheshockandthenby somesort
ofthroatsectionwhichwiJJisolatethisre@onfrm thelow-pressure
regionofreexpamdedflowbehindtheshockholder.

Inthedevelopmentoftheshockholder,usewasmadeofthe&-

IIafterglowflow-visualizationtechni- (ref.31)y ofa static-pressure
%p ontheinsideoftheshockholderneartherear,andofa numberof
verysmallimpact-pressuretubes.Thelatterinstrumentsaresensitive
tothetransitionofflowpropertiesthroughtheshockbecauseofvarying
viscousandrarefactioneffectswhicharetoocanplicatedtobe subject
totheoreticalprediction.

,.
Sincetheimpacttubeswerenotsmall.

— . —— --—



NACATN 3298 7

enoughto enjoyfree-moleculeflow,theydisturbedtheshockwaveas
theypassedthrough,asmaybe seeninfigure3. Thenatureofimpact-
pressuretracesrecordedwitha O.O@inch-diametertubeis shownin
figure4,slongwitha familyofcurvesshowingtheinfluenceoft~
probepositionuponthepressurerecordedattheshock-holderwalltap.

As isevidentfromfigures2 and5,differenttypesofchoking,
deviceswereincorporatedwiththeshockholbier.Thegridshuwnin
figwe 5 seemedmostsatisfactoryEJMwasusedinthefW experiments.

Onefinalitemto benotedintheshock-holderdesignistheslotting
oftk leadingedgetopermitpassageofthemeasuringwire. Itappeared
possibletomaketheseslotswideenoughtopermitgoodclearsaceforthe
wires,withoutdisturbhgthenatureoftheshockheldacrosstheentry
plane.

Mmitedusewasmadeofsmothertgpeof shockproducer,namely,a
largetransversecytir, whichproducesa detachedshockthatislocally
nomal inthevicin@ ofthests+jnationstreamMae~ isfollowedby a
decel.eratimgflow.

Wee-moleculeequilibria-temperatureprobe.-Bothtemperatwe-
sensitiveresistancewiresandbutt-weldedthermocoupleswereusedto
fulfillthefunctionofthefree-moleculee@libri&temperatureprobe
(fig.6). Theresistsmcewireshavetheadvantageofavailabilityin
verysmsJ2dismetersandinverystrongmetab,sothattheymayenjoy
free-moleculeflowovera widerangeofwind-tunnelflowconditionsand
sothattheymaybe heldstraightintensionforpurposesofsllnement
andlocation.Sincetheresistance-wireresponseisto an integrated
averaget&mperatureoverthemeasuringlength,a seriousproblemofthe
minimizationofthermslendlossesmustbemet. Thiswasdoneinthe
presentexperimentsby introducingseparatepotentialleadsto isolate
E@ measuretheresistanceofa relstivdyshortcentralsectionofthe
current-bearingwire. ThepotentialleadswereofthesamedSsmeterand
material(O.00025-inchtungsten)asthecurrentwireandwereveryneatly
joinedtothelatterina made-to-orderunitfurnishedbyFlowCorporation
ofCambridge,Massachusetts.Themeasuringlengthwasabout1/2inch,
orapproately thecentrslth$rdofthedismeteroftheshock-holder
entry.Thepotentialleadsandcurrentwirewereorientedina plane
paralleltotheplaueoftheshock,andtherewasno indicationthatthis
distortionoftheprobegecmetryfrm thatofa simpletransversecyl-
inderhadmy effectontheequilibriumtemperature.

Thermocoupleprobeshavetheadvantageofbeingtemperaturesensitive
onlyatthejunctionbutarenoteasilyavailableindismeterslessthan
0.002inchbecauseofthemechanicalinferiorityofmostthermocouple
metalsandthedifficul~of~roducingthebutt-weldedorneatlylap
weldedjunction.Therangeofwind-tunneloperationwhichwillproduce

—--. —-.-—---—————— ——.—. ———. — —-.—.



8 NACATN 3298

free-moleculeflowa%outa wireofthisdiameterisquiterestricted.
Esxlymodelsofthethermocouplerobewereshnilarto thatshownin
figure7. ?A measuringsection3 k inchlong,witha junctioninthe ,.

center,washeldtransversetotheflowby itsownends,whichextended
downstreamfor1/2inchbeforepassingintosmalls~orti.ngtubesof
drawnPyrex.Thisarrsmgementwasinferiorfroma pointofviewofwim
straightnessandofthermalendlossesandwasabandonedwhenthefeasi.
bilityof slottingtheshockholderwasdiscovered.Thefinalthermo-
coupleprobewasa sfmplewireofO.002-inchironandconstantau,neat~
lapweldedatthecenterofa 6-or7-inchlengbh(fig.6(b)).

Wiretraverse.- Thefinalarrangementforqort andlocomotion
oftheequi13brium-temperatureprobesis shownfnfigure7. Theendsof
the thermocouplewires,or specialheavierwiresattachedtotheendsof
thetungstenresistancethermometer,passedthroughceramicinsulators
mountedona lightspring-steelyokeandweresolderedintothemeasurin
circuit.Theyokecouldbe spreadapartly a differential.screwturn-
luckle,toplacethewiresintension,anditwas intum mountedona
csrriageWhichcouldbe runbackandforthalongthedirectionofflow
by a smallelectricmotor.Thesupposedlyconstantspeedatwhichthis
traversemovedwas1 inchperkOminutes,buttestsshowedthatthis
variedslightlyovertheperiodof onerevolutionofthedrivemotor.
Thepositionofthewireatanytimewasgivenby a dialfndicator
attachedrigidlytotheupstreamwallofthetestchamberandbearing
againstthemovablebaseofthewiresupportyoke.

Wfn.d-TunnelFacilities

Thelow-densitywindtunnelistheno.3 windtunnelatBerkeley,
a continuous-flowjnonreturn,open-jettype(ref.32). Thetwonozzles
whichwereemployedforthepresenttestsaredesignatedasnozzle6 ‘
(L8< M < 2.2)andnozzle8 (3.7<M < h.l)(ref.33).Thegasintake
tothetunneliseitherdirectlyfromtheroom,throughactivated-alumina
driers,orfrombottledgas. Inthelattercase,thebottledgascanbe
renderedverydryby rumbg itthrougha refrigeratedtrap(ref.31)at
aboti125poundspersquareinchgage,yieldingdewpointslowerthan
-100°F asmeasuredby anAJnorType7000LDew-Pointer.Extra-dryair
canbe obtainedby runningairfroma compressorthroughthistrap. With
regsrdtotheult~te purityofthegasesimthewind-tunneljet,very
littleofa quantitativenaturecanbe said,becauseoftheunknowninflu-
enceof sma13leaksinthewind-tunnelshefior
windtunnelandthedrierorofoutgassing.In
cautionsweretakento fnsuregaspurityduring
a fewexperimentsinwhichnitrogenwaskeptas
resultswhichwereindistinguishablefromthose

inthelinebetweenthe
general,no specialpre-
thepresenttests,since
pureaspossibleyielded
obtainedwithroomair.

,,,/
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Sincetheno.3windtunnelisnotequippedwithspecislnozzles
forhelium,nozzle6 wasusedinthiscapacity.Theflowproducedin
thismannerwassomewhatlessumiformthantheairflowforwhichthe
nozzlewasdesigned,andthenozzlecaJ3brationinhelhnniscorre-
spondinglylesscertainthanthatinair.

ASmentionedpreviously,thecmef feat~eofth ~. 3 ~ ~1
whichisofinteresttotheshock-wavestudyistheproductionoflong
molecularmeanfreepaths● h figure8 themea-free-pathlength=
%neire-e-dxeam isplotted,in inches, versustheweightrateofgasflow
inthetwonozzles.Notethatthelongermeanfreepathsoccurinthe
lowerMachnumbernozzle,tich factmadeiteasierto obt~ stick-wave
tracesinnozzle6 andaccountssomewhatforthescantydataobtained
forthehigherMachnwnberflows.Anotherfactorinthewind-tunnelper-
formancewhichlimitedthescopeoftestsinthehigherMachnumbernozzle
wasa slightfluctuationinthetest-sectionpressurewhichbecsmeserious
atflowratesgreatertti 10POWS per~~~ = it%ossib~ to
producea perfectlysteadyshock.Somethhgofthisnatureoccurredalso
innozzle6 butseemedtobe thefaultoftheshockholder,wlisreaseven
a detachedshockoffa transversecyUnderwasunsteadyathighflowrates
innozzle8.

TechniqueandScheduleofFinalExperiments

Aftera fairlyextendedperiodofpre~iminaryanddevelopmental
experiments,a seriesoffti testsWZLSperformed.Thetestingprocedure
wasverysimpleoncea shockholderandthermocoupleorresistance-wire
probehadbeeninstalledandalined.Thisalinementwaseasilyachieved
whena thermocoupleW= used,sficettistick~~r ~S mo~ted~ a
mannerallowingde~cateadjustmentofitsheightandinclinationsad

, sincetherewereonlytwoslotsintheshockholderforthewireto clear.
Theresistsmce-wire-thermometeraMnement,reqqirimgclearancesinfour
slots,wassomewhatmoretediousandww accomp~skdby ~justti both
theshock-holderorientationandthepositionsoftheendsofthefine
tumgstenwires.Thelatteradjustmentwasachievedbybendingtheheavy
wireswhichwereattachedto eachtailofthetungstenwires.

Whentbewindtunnelwasreadytobe operated,thefree-moleculecyl-
inderwasfirstplacedintheentryplaneoftheshockholdertoprovide
anindicationofproperlocationoftheshockwave. Withflowestablished
ata Machnwnberandpressurelevellmowntobe appropriatetothepar-
ticularshockholderinuse,theshock-holderchoMngWid wouldbe setto
givefirsta detachedshockandthena swallowedone. Thewire-temperature
indicationsforthesetwoconditionscorrespondedapproximatelytothe
downstreamandupstreamldmttsoftheshock-waveprofii-e,~d, whenthe
choldnggridwasfurthermanipuhtedtomskethetemperatureofthewire
(stillintheentryplane)nearlyeqpaltotheaverageoftheseend

----- --. .— .. —.-—- ——.——.—__ ._ ___ —.- _. ..- —.. —
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read3mgs,theshockwasconsideredtobeproperlyplaced.Onefactor
due
jet
the
the
and
the

tol%einfluencewhichtheshockpositionhadonthebalancebetween
staticsmdtest-chaniberpressurescomplicatedthisprocedure.Since
shockholdercaptureda sizablefractionoftheuniformportionof
jet,therewasa considerableinteractionbetweentheshockposition
theaforementionedpressurebalance,makingitnecessaryto adjust
twomoreorlesssimultsmously.

Oncetheshockhadbeenpositioned,thewiretemperaturewasobserved
overa periodoftime,in order’tomakecertainthattheshockwassta-
tionary.Thenthemeasuringwirewasrundownstreamuntila definite
indicationoftheuniformflowdownstreamoftheshockwasreached.llkom
thispoint,theshockprofilewastracedoutintheupstreamdirectionby
twodifferenttechniques,oneappropriatetotheresistancethermometer
andtheother,to thethemnocouple.

Shocktraceswitha resistancethermometer.-Theresistancewirewas
feda constsntcurrentof0.2millbmpere,obtainedfrcma 3.volt@
cell,a fixed10,000-ohmresistor,& a b-to 12,~-elm &able resis-
torin series.Thepotentialdropacrossthetemperature-measuringsec-
tion-ofthewirewasmeasuredwitha Rubiconhand-balancingpotentiometer
andsensitivegslvanometer(LeedsandNorthrup,O.M microvoltper
millimeter),whilethewirecurrentwasmonitoredby a WestonModel31
milliammeter.T& potentiometerreadingswereconvertedto temperatures
byuseofa linearformulawitha temperaturecoefficientofresistance !>
whichwasdeterminedbythewiremanufacturerfromcalibrationsperformed
on ssmpl.esfrcmthessmespoolofwire. Accordingto thiscalibration
theleastcountoftheRubicopcorrespondedto aboutO.1°F whenthewire
currentwas0.2miU&3mpere.

Wile thewireImnperaturewasbeingmeasuredintheabovemanner,
thestagnationtemperatureoftheflowwasmeasuredby an iron-constantan
thermocouplelocatedintheupstreamreservoirchsmber.E%foreeachrun,
sm initialreadingofwireresistanceversusthermocoupletemperaturewas
takenatno-flowconditions,witha sufficientlyhighgaspressureto
mskethewiretemperaturecorrespondtothetruegastemperature.The
scatteroftheseno-fluwreadingsfromdayto daygavesomeideaofthe
probableerrorofdeterminationoftheabsolutetemperatureoftbewire
dueto csli’brationdrifts,instrwenterrors,andsoforth.

Duringthetracingof a shockprofil.e,thepotentialdropacrossthe
resistamcewireandthewirepositionwererecordedata sufficientnumber
ofpoints,thespacingofwhichwasdeterminedby themean-free-path
length,to givea satisfactorydefinitionoftheshockprofileandthick-
ness,as showninfiguresg(a)to g(h). Thetimerequiredforthiswas
aboutanhourpershockwave.

.—. .
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Traceswiththermocouplewire.- Whenthermocoupleprobeswereused,
thedifferenceinthermalelectromotiveforcesgeneratedby theprobe
Junctionandbyanidenticsljuuctionpl.acedinthestagnationchamber
wasautmatica12yrecordedby a RrownElectron&X-Yfunctionplotter.
Therecorderchartwasdrivenat constantspeedby a smallmotorwired
inparallelwiththemotoronthewiretraverse.Distanceonthechart
wasconvertedto distancetraveledby thewireby assmingwireandchart
speedstobe constantatvaluesmeasuredwitha stopwatch.Eachshock-
wavetracewasrecordedinboththeupstreamanddowmtreamdirections,
andwhentherecordersensitivitywasadjustedtothemaximumMmit for
stablepenmotionthehysteresisbetweenforwardandresxward running
tracessmountedto a fewthousandthsofan inchofwiretravel.The
stagnationtemperaturewasrecordedseparatelywiththesanethermocouple
aswasusedwiththeresistancewire.

Scheduleoffinalexpertients.-Thefinaldatawhicharereported
hereinweretakenat initial(orupstreti)Machnmnbersof1.72and1.82
inheliw and1.78,l.@, 1.90,1.98,3.7o,and3.91iuair.

REDUCTIONOFDNI!A

Thedibnensionlessvariablesintroducedforanalysisofthedatawere
suggestedforthemostpartby Grad’sanalysis(ref.15).TIEdistance
inthedirectionoftheflowis convertedto a variabley, definedby

()~+lR()j+kY=— k a’—

()

j+52+(j +3);+;4 ~pr%

ThisvariableisdiscussedinappendixB. Inthefo- for y,
x isthemeasuredUstance, L+ isa referencelengthhavingthessme
tits as x, and c isa psmmeterindicatingthestrengthoftheshock;
& and e arecmputedfrommorefamikhrvsziablesbytheequations

( )(=+1 PT+)L*=—
pu4p

T* =4+,3T
j+4°

~=(s2+ 8s+ 15)(M12-I)

(j-I-3)+ (3i-5)M12

.-—. . ...— — -.—. —-.— .—— —— ——. —.—
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gaspropertieswhichhave—
asfollows:

forair:

temperature
Table1-givesa

Forhelim:

s 0,=

s 2,=

dependenceof

\

beenassmnedforthereductionofthedata

Pr= 2/3, K = o

Pr= 3/4, ~ =*I3

p wastakenfromreferences34and35.
listingofthecalculatedvaluesof y/x foreachflow

settingatwhicha find sbmk profilewas
iablesneededto describetheflow.

If onepreferstheupstreammeanfree
length,hemayconverttheabscissaofthe
by dividingy by y/x andthenby Al.
titiesarelistedforeachflowsettingin

traced,alongwithothervar-

path Al asa reference
shockprofilesy to x/Al
Bothofthelast-namedquan-
tableI.

Thefree-moleculecylindertemperatureisdeterminedfromthecal&
brationofthethermocoupleorresistsmcewireandismadedimensionless
by formingitsratiotothemeasuredstagnationtemperature.Thisratio
is thennormalizedto runfrom1 to -1,inthemann&
theoreticalprofilesina~ti B,byuse

\ 1-

%= 1.()%Tw—-—
0 T

02

20 ( )

TV Tw
%1- %2

oftheform&l

-1

to the

inwhichsubscriptsreferto conditionsattheupstream(1)a@ down-
stream(2)limitsoftheshockzone.ThisvariablearttiicialJycancels
tbeeffectsofcalibrationdifferencessadradiationandendlosses,as
wellasthetheoreticalvariationintemperaturespreadacrosstheshock,
‘simplifyingccmprisonEofexperimentwiththeoryorofoneexperiment
withanother.~troductionofthevariableis inkeepingwiththeaim
ofthepresentinvestigation,sincethenormalizationdoesnotinfluence
thosecharacteristicsoftheshockprofile(i.e.,shapeandthickness)
whichsxeofprincipalinterestherein.Thenormalizedtemperaturecan
be formedonlyforthetracesofnormalshocksproducedinthehollow
shockholder,becausethedetachedshocktraceshavenopetitof zero
slopeto serveasa referencelevelonthedownstreamside.

Thenormal-shocktracesarepresentedasgraphsof ~ versusy,
baseduponthestep-by-stepdataoftheresistance-wiremeasurementsand
upona curvefairedsmoothlythroughthemiddleofthehysteresisloopof
thethermocoupletraces.la drawingthelattercuzwe,an attemptwasmade
toremovetheeffectsofthesmallperiodicspeedvariationh thewire-
traversemotor.
aboutthepoint

Theorigimforthevariabley istakenarbitrarilyat ‘
atwhich ~ equalszero.

— —..
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Theshocktbiclmessesaredetermined~aphicallyfromthecurves
of ~ versusy by%oththemaximum-slopemethod(~andtl’sdefinition)
aidthesreamethodrecentlys~ested by @ad. Figure10comparesthe
twodefinitions,whichyieldthesamenumerical.valuesonlyM thestick
profileisa straigktline.Foranyotherprofiletheareathicknessis
greaterthanthemaximum‘-slopethiclmess;forexsmpletforthe=o-
strengthprofile(seeappendixB)thesreathicknessis 2.~ tnunits
of y,Whilethemm5Jnum-slopethiclulessis2* Iuwhatfollows,thearea
thicknesswilJ.be designatedby b ad themadmum-slopethickness)
by ~.

E~ ?ZESUIUS

lRree-MolemleProbeResponseina UniformStresm

wth theory@ previousexperiment(refs.27to 29)haveshown
thata cylinderwhichisa perfectheatconductorinternallybutis
totallyinsulatedfrcmradiatimmd endlosses,M placedfi~ its-S
perpendicularto a uniformstresmofgasinwhichthemean-free-path
lengthis several.timesthecylinderdiameter,isheatedby thestresm
to a temperaturetich isa functiononlyofthelocalMachnumberand
statictemperaturesxuiofthenmnberofexciteddegreesoffreedomofthe
gasmolecules.Fora stresmwithconstantstagnationtemperate,the
cylindertemperatureincreasesfairlyrapidlywithMachnmber uptb
aboutM = 2,afterwhichtheresponseis@te bsensitivetofurther
increasein M. Thefirstimportantresultsofthepresentexperiments
demonstratetheextenttowhichthisbehaviorwasfound.int& wires
whichwereusedas shock-waveprobes.Thesewireswere~femt from
thosewithwhichthefree-moleculetheorywastestedby Staider,Good-,
andCreager(ref.2$3)tithatno attemptwasmadeto combatthermalend
lossesby artificialend_ratw? control.Asidefromthespecial.
arrangementoftheresistance-wirethermometer,withextrapotentialleads
to isolatea central.portionofthecurrentwire,thepresentwixes
dependedonlyona highlength-diameterratioto reduceend-losseffects.
w resultsobtainedareseeninfigure1-1,m tich t~ ratioofmeasured
wiretemperaturetomeasuredstagnationtemperatureis ccmparedwiththe
theoreticalratiofora perfectlyinsulatedcylinder.Tbisfiwe shows
allexperimentalpointsforwhichtheKnudsenmnnberwasgreaterthan
about5 l@g as closetothetheoreticalcurvesas csmbe expectedin
viewofprobabkerrorsinmeasurement. (Exceptionstothisstatement,
forwhichno explanationhasbeenfound,existinthecaseofcertain
dataforheliwnat supersonicMachnmbers.) As thel@udsennumberdrops
below5,thepointstendto dropbelowthetheoreticalcurvebecauseof
a lackoffulJydevelopedfree-molecul.eflow.

.—. .—---- .—.--— ——.———-________ .—. — -——— .—— .—.- .—.
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,,

AS a consequenceoftheresultsshowninfigureU itisthought
thatthewiresusedinthise~erimentbehavedas insulatedcylinders
infullydevelopedfree-moleculeflow,forallwind-tunnelconditions
encountered,aslongas@ ~a freepathh the~c~tY of~ *
wasatleast5wirediameterslong.

Experimental
retizetheidesl

Operationof

difficulties
shock-holder

be oftwokinds,bothprobably

NormalShockHolders

Whichwereencounteredintheattemptto
behaviordescribedesrkierappesredto
traceableto theboundary-layergrowth

insidetheshockholder.First,iftheinternal-boundsry-~erbuild-up
wasexcessive,theshockholderbec= seu-cho~ ~ itWM @ossib~
to drawthedetachedshockbackintotheentryplane.Someallowancefor
thislmmdary-layergrowthwas* by divergingtheinteti contow,
butnoverysatisfactorytheoryexiststo guidethecorrection,whichat
bestwouldbe applicableoveronlya verysmallrangeofflowconditions.
%cond,thereexistedcertainconditions,possiblycorrespondingto an
overcorrectionforboundarylayer,forwhichtheshockwouldnotremain
stationaryintheshock-holderentrybutperformedsmslllrandanoscil-
lationsabouta meanposition.

Fortunately,almosteveryshockholderwhichwastriedworkedprop-
erlyoversanerangeofwind-tunnelconditions,sothatbyuseofthe
threemodetishownh figure1 itwaspossibleto coveranadequateover-
w rangeofflows.However,evenwhena shockholderW= operat~ cor-
rectly,withtheshocksteadyintheentryplsne,theinternalboundary
layerexerteda slightinfluenceonthedownstreamtailoftheshock-wave
profile,aswillbe discussedmorefullyMtir ~ ~s rePofi●

Norma3.-Shock-WaveProfiles
,’

Thenormsl-shocktracesinraw-dataformshowedwire-temperature
changesofabout600F acrosstheshockandshockthicbessesvarying
froma fewhundredthsto a fewtenthsofan inch.Thefinaltracesare
presentedinMmensionless,no-zeal fo~, asPlotsof % versusY
(see“ReductionofData”),h figuresg(a)to 9(h).Eachfi~e shows
.aJ1tracesrecordedata givenflowsetting,includingboththemnocouple
andresistance-wiretracesandoccasionalrepetiticmsofthesametrace
whichweretakenoniklfferentdaysorwithclifferentshockholders.The
latterrepetitio~werefrequentinthehigherMachnumbernozzle,because
ofthe@ge amountof scatterwhichwasencountered.Forpoint-by-point
traceswiththeresist-ewire,thepointsofmeasmementareshown;for
thecontinuousthermocoupletracesrecordedwiththeX-Y-tion plotter,
thesmoothcurveis shown.(Anexceptiontothelaststatementis seen
infig.is(a),wherepointshawebeenpickedoffthethermocoupletrace
to avoidconfusionwiththetheoreticalcurve.)
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Shock-WaveThicknesses

Shockthiclmesseswerecalculatedonlyforthosetraceswhichwere
obtainedwiththeresistancewire,sincethehigherKim&ennumbers
obtainablewiththiswiregavegreaterassurancethatthewiredidnot
perturbthenaturalconditionoftheshockfrent. Theseresultssre
showninfigure12,inwhich 5 isplottedversustheshock-strength
parsmetere;b fi~e 13,iIImch w*/W% isplottedversusthe
initialMachnmnberMl;andinfigure14,inwhich ~Al isplotted
versusMl. h allgraphstheresultsofrepeatedmeasurementsarerep-
resentedby a pointgivingtheaveragevalueanda lineshiningthe
spreadofvalues.Varioustheoreticalresultsfrantheliterature,and
experimentalresultsby Greene,Cowan,andHornig,arealsoshownh
figure13.Inexmdningfigure13,oneshouldnotethatsomeofthe
shockthiclmessesshownsretakenfromthedensityprofile;some,from
thevelocityprofile;andsome,fromthefree-moleculewiretemperature
profile.Theeffectoftheseinconsistenciesisdiscussedsanewhatin
a latersection.

EvidenceofWire-SizeEffectonShock-WaveProfile

TherangeofKmdsennumbers(A/d)encounteredinthepresent
experimentswassufficientto indicatein someinstancesthenatureof
wire-sizeeffectswhentheconditionsforfollydevelopedfree-molecule
flowwerenotmet. Sucheffectsmaybe seenby contrastingfigureg(a),
whichshowsidenticaltracesobtdnedwitha rebtivelylargetherm-
ocouplewire(&/d = 10)andwitha muchsmaS1.erresistancewire
(&/d = ti)ata flm conditionforwhichbothwiresenjoyfree-molecule
flow,withfigure$l(g),whereinthetracefromthelsrgerwirecorre-
SpOlldSto A*id= 1.3 andthatfromthesmallerwirecorrespondsto
A*1d = 1.1.Evidentlythelargerw5reinthelattercasehasproduced
an .srtHicislbroadeningoftheshockfrent. Suchcomparisonsbetween
tracesofidenticalshocks,recordedwithwiresofclifferentsizes,in
additiontothestudyofdeviationsbetweenexperimentalandtheoretical
wiretemperaturesintheuniformstream,servedto establishtheKnudsen
numbercriterionfordiscardinganyshocktraceswhichcouldcontaina
wire-sizeeffect.

mHmMmmm ERROR

RamdomErrorinMeasurements

Thethreequantitiesmeasuredweretwotemperaturesanda distance.
@ addition,usewasmadeofthepreviouslydetehd tibratio~ of
thewind-tunneljets.

—.-.. — .—— — --- —— ——— —— ———— .-—— —-
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Theaccuracyofdeterminingtheabsoluteleveloftemperature,with
boththermocouplesandresistsmcewires, wasquitepoor,witherrors
smoumtingtoperhaps5° F. Theseerrorsremainedapproximatelyconstant
duringa runandweremostlycanceledby themethodofdatareduction.
Thesensitivi~ofthetemperature+neasuringequipment,ontheotherhand,
wasquitegood,beingaboti~ .1°F fortheresistancewireaccordingto
theleastcountsofthepotentiometerandgalvsaometer,whichcorresponds
to aboti0.16percentofthetotalchangeinwiretemperatureacrossa
shock.Thestagnation-taperaturemeasurementalsoprobablycontained
errorsofa fewdegrees,butagainthedata-reductionmethodtivolvesonly
changesin To duringthetracingofa shock;andthesechangescouldbe
measuredwitha precisionofaboutW. 3°F.

Distancethrough theshockwasmeasuredwithaueffectiveleastcount
ofabout0.0002inchatthehigherMachnumbers(O.WO1-inch-readingdial
indicator)andofabout0.001inchthroughouttheremdnder ofthetests.
Thesmadlestchamgeh x whichcouldbe reliablymeasuredsmountedto
2 percetiorlessofthe~-slope shockthicknessindl cases.

Uncertdmtyinthecsllibratimofthewind-trmneljetsenteredinto
theconversionof x into y andintothespecificationoftheinitial
Machnnmber.previousexperiencewithnozz~s6 and8 indicatesthat
thereetistsa probableerrorof+2 or*3percentandoflessthan1 per-
centintheirrespectiveMachnmiberdeterminations.correspondingto
thisMachnumberuncerkinQandtotheprobableerrorofmeasurementin
stagnationpressureandtemperature,theresxwprobableerrorsin &
and Al ofabout*3percentinnozzle6 andofabout*1percentin
nozz~ 8. Theprobableerrorh theconversionfactory/x isconsid-
erablyless,%e@ lessthan1 percentthroughout,becauseofthefact
that y/x ispracti~ independentof ~ withintherangeofnozzk 6.

Thegreatestsourceofuncertaintyintheexperimentildydetermined
shockthicknessesenteredthroughthedifficul.~ofdrawingthemsxhnum-
slopeline.Thiserrorappearedtobe about= percentupto aboutMach
timiber2 and*1OpercentatthetwopointsaroundMachnmber 3.8.

SystematicExperbnentalError

Anynewexperhenkalmethodmustbe scrutinizedcarefullyforsources
of systmaticerror,andthenmiberofpossiblesourcesofsucherroris
seat inthepresentexperiment.Itmaybe thatthefollo@ngdiscussion
willfailtonamethemall,btieverythingwhichhasoccurredtotheauthor
hdivid~ orhasbeensuggestedby otherswillbe givensomemention,
evenif someitemsareconcludedtobe mihnportanttithinthesmallrsmge
oftestsyerformedsofar. Thisdiscussionwillbe presentedasan attempt.
to answera numberofcriticalquestionsconcerningtheexperiment.

—
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(a)Wastheshockwave
Sinceboththethermocouple

17

resllllyplaneandnormaltotheincidentflow?
andtheresistancewiresrecordedtheresult

ofauaverageenergybslanceoveran appreciablelengthofwire,“the
experimentaltw traceswouldcertainlybe distortedfranthetrueshock
profileiftheshockwerecurvedin sucha msmnerthatthewiredidnot
lieparalleltotheshockfrent. ~ reasonofthissameaveragimgprop.
ertyjthewireitselfcouldnothe usedeffectivelyto checktheplane.
nessoftheshock(forinstance,by varyingthepositianofthetherm-
ocouplejunctionalongthelengthofthewire).Theprincipalassurances
thattheshockwastrulyplaneinthepresenttestswereasfollows:
(1)Theshockstooddirectlyintheentryplaneofthehollowshock
holder,accordingtomeasw~nts ofthewiretemperature.Theshockis
kuowntobe convexupstreamwhenslightlydetached,andit appearsrea-
sonablethatitwouldbe conxexdownstreamwhenverysllghtlyswallowed;
theinferenceisthatitwouldbepbme whenintheentryplane. (2)com-
parisonwiththeprofilesofdetachedshocksfrm thetransversecyl$nder,
forcasesinwhichthedetachmentdistancewasfairlykrcgecomparedwith
theshockthickness,showedgoodagreement,sdthoughwhatshockcurvatures
therecouldhavebeeninthetwocaseswerecertainlyverydLfferentin
nature.Neitheroftheseassurancesamountsto a directobservation,and
theplanenessoftheshockmaystillbe opento question;inanycaseit
isevidentthattheerrorintroducedtitotheshock-waveprofileswould
be anartificialthickening.

(b)Wastheshockreallysteady,orcouldithavebeendriftingor
vibrating?E&h-speedschlierenphotographsshowthatshocksin
atmospheric-pressurewindtunnelsfrequentlyperformrapidoscillationsII
abouta meanposition,sothatshocksa~pearconsiderablysharperin [ I
hi inlow-speedones.Attheother extreme,

@if-tslowlyb onedirectioninthelow-
densitywindtunnel,inresponseto a trmsie@ chsmgeintheverythick
boundarylayerduringthetimea modelrequiresto reachitsequilibrhn
temperatureinthesupersonicstresm.Eitheroneoftheseeff<cts,if’
presentduringthetracingoftheshockprofile,wouldraiseserious
questionsconcerningthevalldityofthedata.Errorsdueto a slowdrift
couldbe avoidedbywaitingfortbetransienttopass,andconsiderable
carewastakento dothis. Vibrations,M fairlyslow,wouldshowup on
thewiretemperature,particularlywhenthewirewasnearthecenterof
theshock.Suchslowtibratimscouldbe causedbymechanicalvibration
oftheshockholderorofthechokingdevice,orby randomfluctuations
intheteSt-chamberpressure.Ineithercasetheywereeasyto idexrtify
andavoid.E@h-frequencyvibrations,ontheotherhand,couldnotbe
detectedby therathersluggishmeasuringcircuits,sndtheonlyargu-
mentsagainsttheirpossibleexistenceareindirect.I?oonehasasyet
-ested w reaso~b~ so~ce Ofexcitationofsuchhigh-frequency
osctitions(thelow-densitysupersonicjetisalmostcertainlynot
turbulent),andinanycasetheerrorintroducedwouldagti be a broad-
- ~ theshockfront,a restitwincha~us somewhatunlikelyin
viewoftherathersmallshockthiclmesseswhichwereobserved.
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.

(c)Wasthemeasuredshockprofileundulyinfluencedby theboumdary-
layergrowthwithinthestickholderorby thegemetryoftheshock
holderitseH? Ik5mg thecourseofprel=ns.ryanddevelopmentaleqeri-
mentationitbecameevidentthattheshockwasalmostneverfollowedby a
longzoneofperfectlyuniformsubsonicflowbutratherby 10CSJJYaccel-
eratingordeceleratingflows,theexactnatme ofwhichdependedupon
theshock-holdergecmetryandtheReynoldsmmiber.Furthermore,atthe
lowestReynoldsnmberstheeffectofthesenonuniformdownstreamboundary
conditionsappearedto penetrateupstreamto a considerabledistance
throughthe shockwave,as evidencedby comparisonsofnormal.shocksand
detachedshocks.However,finsldataweregatheredonlyunderconditions
ofminimumdownstreamnonunifotity;andcomparisonsbetweennomal-shock
tracesrecordedwithshockholdersof-differentsizesandshapes,orwith
thesameshockholderatdifferentReynoldsnmibers,suggestthatthis
effectisnotveryMrge. Nevertheless,thisis oneofthemostreal
disadvantagesofthepresentexperimentsandonewhichwouldmefitcon-
siderableattentioninanattempttorefineorexkndthiswork.

(d)Couldthe ~ profilehavebeensigdficantlydistortedby
x-dependentvaluesofradiationandendconductionlossesoroflGmdsen
numbers1 Sincethewiretemperate,effectiveendtemperature,radiant
surroundhgtemperature,andconvective-heat-transfer coefficientsll
changedasthewirewasmovedthroughtheshock,particularlyasthewire
firsbpassedtheshock-holikrentryplsne,changingsmountsofextraneous
heatlossescouldconceivablyhaveperturbedtheshapeoftheshockpro-
file. However,somedirectcalculations(seeappendixA) anda nudber
ofindirectobsemtionsindicatethatthiseffectwasunimportant.The
indirectevidencewhichis consideredpertinentis asfol.lows:(1)Good
correlationbetweenshockprofilesatvaxiousgaspressures,forwhich
thecalculatedeffectsofextraneousheatlossesweresigdficautlydif-
ferentandforwhichthedistancesofwiretravelwerealsodistinctly
iUfferent;(2)Mck ofanydiscontinuityofprofileslopeor curvature,
tobe associatedwiththewire’spasstitheentryplane;and(3)good
agreementbetweenthermocoupleandresistance-wiretraces,endlosses
fromthetwoinstrumentsbeingdifferentin cslculdedmagnitude.Effects
ofvaryingKnudsennum%ermsyalsobe disregarded,s~e finsldatawere
retainedonlyfortracesinwhichtheKnudsenmmiberwaseverywhereabove
thefree-moleculeflowUmit.

(e)Wastheshockpxofileundulyinfluencedby localnonuniformity
inthefree-streamflow? Thisquestionhasparticularsigdficancewith
respecttotheuseofanairnozzletoproducehe13mmflows,whichwere
notsouniformasmightbe desired.However,testsmadewiththeshock
holderindifferent@al positims(andhencein~ferent situations
regardinglocalnonuniformitiesofflow)producedessentiddyidentical
results,sothatthispossiblesourceoferrormayapparentlybe dismissed.

. -——— . .— —.
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DISCUSSION

19

Significanceof ~ Profiles

Inassessingthevalueofthepresentexperimentalmethod,oneis
boundto questiontherelativeusefulnessofMowingthe ~ profileof
a shockwaveas contrastedwithlmowingtheususlprofilessuchasthose
ofvelocityortemperature.TILLsisobviouslya difficultpointto dis-
cussconclusively,andthesuggestionsWhichfollowcannotbe expected
to satisfyallcritics; nevertheless,thepointistooimportanttobe
passedbywithoutmention.

Thereisatfirstthegvestionof tw being,fora cylinderof
finitediameter,asgooda pointfunctionas (say)thevelocity.A theo-
reticalargumenthereisdifficult,sinceoneisnitfrequentlycritical
indefininghowsatisfactorya pointfunctionthevelocityitself’is;
buta practicalsmswermaybe gainede~erhentalllyby observingthe
chsmgein ~ whichoccurswhena givenwireisdispbcedby 1 dismeter
acrossthesteepestgradientsintheshock.Ifthischangeissignif-
icant,thenthewireispresmablytoolargetoyielda satisfactory
pointmeasurement.(Thelargestsuchchangewas,at Ml = 3.9,about
2~percentofthetotalchangeacrosstheshock,a valuewhichmayalready

le excessive.Thenextlargestwasabout1 percent,at ML = 3.7,W
allotherswereconsiderablylessthan1 percent.)

Supposingthat ~ isa satisfactorypetitfunction,onethenasks
howmuchinformationabouttheccmpletestructureoftheshockwaveis
gainedby knowledgeofthe ~ profil..e.Attheoutset,itisevident
fromthecalculationsoutlinedinappendixB thattheredoesnotexist,
exceptintheUmit ofvanishingshockstrength,anyinversionretition
whichwillyieldthevelocityortemperatureprofiledirectlyfrcmthe
tw profile.Fromtheviewpointof continuumtheorythereappeartobe
tworeasonsforthisfact,thefirstbeingthegenerallackoflocally
adiabaticflowtithintheshockandthesecondbeingthatthewiretem-
peratureisinfluencedby localvaluesofthestressandheatfluxin
additiontothevelociwandtemperature.On.theotherhand,thecal-
culationshaveshowhthatthe ~ profiledoesnotcliffergreatlyfrom
the w profileforairorheliumata Machnumberupto 2,regardless
oftheparticulartheoryusedforthecalculation.Somedistinguishable
differencesinprofileshapesfor tw ~ w arisefromthethirteen-
momenttheoryata Machnumberof1.61ad fromtheNavier-Stokestheory
for Ml = 3.7,butuuderanycircumstancesitappearsclearthatthewire
temperatureismorealdnto thegasvelocitythanto anyothervariable.

.—+. ..— ——-— — _ . .—. ————.——.-— —.
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A moregeneral
stateofthegasat

viewpointwhichis subscribedtohereinisthatthe
a pointwithintheshockisdeterminedwhenthemolec-

ulardistributionfunctionisknownatthatpointandthat,ofallthe
observablemeanproperties(suchasvelocity,density,gastemperature,
orfree-moleculewiretemperature)whichcanbe calculatedfromthedis-
tributionfunction,no singleoneplaysa roleessentisJJymoresignif-
icantthanthatofanyother.ThefunctionofanexperimentinWhich
onlyoneoftheseobservablequantitiesisactuallymeasuredisto infer
thecorrectnessof sometheoreticallypostulateddistributionfunction,
inthehopethata distributionfunctionwhichpredictsthecorrectvalues
forthemeasuredobservablequantitywillalsopredictcorrectlytheme
observablequantitieswhichcouldnotbemeasured.~us, if itiS said
inthisreport,forexampti,thattheNavier-Stokesequationsappesxsat-
isfactorytopredicttheshocktransitionupto a Machnumberof2,what
ismeantisthatithasbeenpossibletofinda distributionfunction
w%ichyieldstheNavier-StokesequationswhensubstitutedintotheMaxwelJ
transportequationsformass, momentu,andenergyandwhich,whenused
inthecalculationofthefree-moleculecylindertemperature,yields
resultsingoodagreenentwithexperhentupto a Machnwber of2. The
inferencethenmadeisthatthevelocityandtemperatureprofil.eswhich
arecalculatedenroutetothesuccessful.predictionofthe ~ profile
(seeappendixB) sxealsocorrect.

ThedangerofthislineoftMnkingidesintheobviouslackof
uniquecorrelationbetweena correctdistributionfunctionanda correct
derivedvaluefor~ singleobse-bl.eqyantity,particularlywhenthe
r=ge ofeW~W datais sharPIYlimited,asit isinthepresent
case.M otherwords,itmaybepossibletofindtwoormoredistinctly
differentdistribtiionfunctionsfromwhichonecouldcalculatepracti.
tallyidenticsltw profilesfora shockh a givenrangeofMa&
whereasthesesametwodistributionfunctionsmightleadtovastly
ferent(say)temperatureprofilesforthisshock.Fortunate~9no
e&ples haveappesxedas a resultofthetheoreticalcalculations
sofsx.

Thenegativecorollsryoftheaboveviewpointmaybe a little

number,
dif-
such
done

more
readilyacceptable;thisis,a distributionfunctionwhichleadsto a
verypoorpredictionoftheobsemd tW profilemayprobably%e dis-
cardedaswrong.Eventhisconclusionmustbe temperedby one’sestimate
oftheadequacyofthetechniquebywhichthepara&tersofthedistri-
butionfunctionaredetermined(byme oftheMaxwelltrsnsportequa-
tions,etc.).

Themostpositivesuggestionwhichseemsappropriateforthisreport,
inviewofthepresentlyimmatureconditionofboththetheoriesand
experiments,isthatthe ~ profilesmaybe usedto inferthegenersl
superiori@ofonetheoreticalapproachoveroneormorealternativesand
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thatthefree-moleculewire-temperaturemeasurementisaboutasuseful
as a velocityordensitymeasurementforthepurposeofthisinference,
atleastforMachnumbersupto about2.

ComparisonofExperimentWithTheory

As notedinappendixB, theoretical.shockprofilesforcomparison
withexperimenthavebeencalculdedfor Ml = 1.82 inhekium,Ml = L89
inair,and M1=3.70 hair. ThecalculationsweredonebytheNavier-
StokesanilMott-Smithmethods,as indicatedtitabl.eII. Figuresl~(a)
to 15(c)showgraphicalcomparisonsofthetheoretical~ profileswith
theexperimentalshocktracesat correspondingMachnumbers.Forthe
heliumshock,andforairat Ml = L 89,a verysatisfactoryfittothe
dataisaffordedbytheNavier-Stokestmory,withzerobulkviscosity
inthemonatcmicgasandwithbulkviscosi~equal.to abouttwo-thirdsof
shearviscosityinair. TheshapeoftheMott-Mithprofilesis satis-
factory,btitheshockthichessisevidentlytoolarge,atlkastfor
the !ZX2transportequation(seeappendixB). At ~ = 3.70,noneof
thetheoriesyieldssatisfactoryagreementwiththedata;theNaxder-
StokesprofilehasthewrongshapeandtheMott-Smithprofileis still
toothick.

Thetlxlrteen-momentequationshavenotteensolvedfora nomal shock
waveforMachnumbersgreaterthan1.65,a Mmit whichisunfortunately
lowerthanthelowestMachnumberobtainedintheexperiments.In order
to obtainsaneideaasto itscorrectness,thistheoryandtheNavier-
E%okestheoryarecomparedforhe~um at Ml = 1.61 infigureI-6.At
thisMachnunber,theshapeandthiclmessofthethirteen—momentprofile
aredistinctlydifferentfromwhatwouldbe expectedfromanextension
oftheexperimental.datatowsrdlessershockstrength,assumingthatgood
agreementbetweenexperimentandtheNavier-Stokestheorycontinuesin
thisregion.

RebxationPhencmena

Bulktiscosity.-Thecurvesdisplayedinfigure15(b)stronglysug-
gestthatairshouldbe characterizedby a bulkviscositycoefficientas
wellasa shesxviscosity.Althoughtheconceptofa nonzerobulkvis-
cositycoefficientisfrequentlyoverlookedinthestudyoffluiddynsmics,

ithasbeenthesubjectofmanypapers,boththeoreticalandexperbnental..3

%s literaturehasbeenverywellsummarizedby Truesdell(ref.36;
seesec.61A,pp.228-231).

. .. . . . . . . .. . . .__— _ ._ .- ——— .
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Theconclusiontobe drawnfrcmthisliteratureisthatbulkviscosities
.

certainlydoetistinanybutmonatmicgasesbutthatthisfactis of
littlepracticalhportanceinallbuta fewflowsituations.Theexcep-
tionalcircumstancesarethosethathavebeennotedbefore:High-frequency
soundabsorptionanddispersion,shockwaves,oranyflowinwhichthe
normal,ratherthsntangential,viscousstressessrepredominant.Exper-
hentalvaluesofbulkviscosities,as obtainedfromacousticalinterfer-
cmetryandrelatedexperiments,havebeenveryrecentlyco~ectedand
tabulatedbylhwesdell(ref.19). Thevaluegivenforairis K = o.57~,
h goodagreementwiththevalueobtainedbythepresentstudyofshock-
wavestructure.

Accordingto severalwriters(e.g.,WangChangandUhlenbeck,
=. 37),theratio K/p canbe relatedtotherelaxationtimeassoci-
atedwiththeintern&1de-es offreedomwhenthesedeweesoffreedom
exchangeenergy“easily”withthetranslationaldegreesoffreedomofthe
molecule(i.e.,whenre-tion ttiessresmall).Fromtherelationships
giveninreference37,onetalc-testhata bulkviscosityK = 2/3P
impliestheaveragereqtiementof5.3molecullsrencountersforthereduc-
tionofa suddendisturbanceintherotationalmoleculardegreesoffree-
dcm,inair,to l/e ofitsinitislmagnitude.

Additionalrelaxationeffects.-Althoughthepresentfindingscon-
cerningtheimportanceofbulktiscosimintheshockwavearecorroborated
bytheresultsofGreene,Cowan,andHornig’soptical-reflectivityexper-
iments,thelatterexperimentsseemalsotohavesuggestedsomeadditional.
orresiduslrelaxationeffectsdownstreamofthemaintransitionzone.
ThishasledtothefeelJngthattheshocktransitionin certaindiatomic
andpolyatomicgasesmayoccuras a two-stageprocess,inwhich90percent
orsoofthetotaldensitychangeoccursrelativelyquicklyasdescribed
by theNavier-Stokesequationswithbulkviscosity,afterwhichsomefinal,
sloweradjustmentsarecompletedtobringaboutthefind equilibrium
state.Althoughtheappearanceofthewire-temperaturetraceswouldseem
to denytheefistenceof sucha two-stageshocktransitioninairor
nitrogen,certainfeaturesofthepresent~er~ent suggestt~t itmay
be incapableof showingupthesmalladjustmentsofthesecond,slower
stage,evenM a two-stageprocessdoesetist.An interestingpoimtis
broughtoutby referenceto appendixC sndtofigure17,whichsuggest
thepossibilitythatthewiretemperatureinthedownstreamtailofthe
shockmsybe almostindependentofthestateofrelaxationofthegas,
particularlyinthellachnumberrangeinwhichmostofthepresentdata
wererecorded.(Seeparticularlycurvesaandc infig.17.) Whilethe
resultsofappendixC arecertainlyinconclusive,becauseoftheroughness
oftherelaxationmodelandthelackoflmwledgeofvaluesforthev=-
iousacccmmmdationcoefficients,therearetwootherfeaturesofthepres-
entwork,namely,the-ted experimentalaccurwY~d tm ~stotiionof
thedownstreamtailoftheshockbyboundary-layergrowthintheshock
holder,whichwoulddef~telyhinderdetectionofa secondstageinthe

—. —..
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shocktransition.Therefore,onemayconcludethatthetie-temperature
tracesdonotsuggestanysortoftwo-stageshockwave,butneitherdo
theyprecludethepossibilityofitsexistence.

comparisonofwire-temperaturedatawithoptical-reflective.tydata.-
AsmaYbe seeninfigure13,therewasunfortunatelylJttleMachnumber
overlapbetweenthewire-temperaturedata‘andthedataofGreene,Cowan,
andHornig,andwheretheoverlapoccurred,ataboutMl = 2,thetWO

typesofexperimental.shockthicknesssreinratherpoorWeement. How-
ever,oftheoptical-reflectivitydata,onlytherelativelyisolated
pointsat Ml = 2.1 differverysignificantlyfrm theNavier-Stokespre-
dictions. Therestofthesedatamsybe fittedquitesatisfactorilyby
Natier-Stokestheories,withbulkviscosityeqyalto zeroforthemona-
tomicgasandwitha bulkVi.scosi@,forthediatomicgases,approxi-
matelyequaltothevalueusedtofitthewire-temperaturedataforair
andnitrogen.Becauseoftheextremedifferenceintheexperimental
methods,thisimpliedagreementbetweenthepresentresultsandthose
obtainedby Greene,CowanjandHornigseemsquiteremarkable.

CONCLUDINGREMARIG

Theprofilesandthiclmessesofnormalshockwavesofmoderate
strengthhavebeendeteminedexperimentildyintermsofthevariation
oftheequi~briumtemperatureofaninsulatedtransversecylinderin
free-moleculeflow. Theshockwaveswereproducedina steadystatein
the jetofa low-densitywindtunnel,at
md L82 h helim and1.78,I-.85,1.90,
‘Theshockthickness,determinedfromthe
temperatureprofile,variedfrom5 to ~

meanfreepathinthesupersonicstresm.

initial.Machnwnbersof1.72
1.98,3.70,and3.91inair.
maximumslopeofthecylinder

timesthelengthoftheMaxwell

A comparisonbetweentheexper-
imentalsh~ckprofiles& varioustheoretical&edictio&leadstoth
tentativeconclusionsthat: (1)TheNatier-Stokesequationsareadequate
forthedescriptionoftheshocktransitionforinitial.Machnunbersup
to 2,and(2)theeffectsofrotationalrelaxationtimesinaircanbe
accountedforby theintroductionofa “second”or “bulk”viscosi~coef
ficientequalto abouttwo-thirdsoftheor- shearviscosity. 1

UniversityofCalifornia,
Berkeley,Cslif.,May24,1954.

— ..—. .. . . .. . .—— .———.-—--—. — .-——— ————.—
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. APPENDIXA

NUMERICALEVALUATIONOF CONDUCTIONAND

FRCMEQ~—~

A verycomprehensivestudyoftheeffects
ationheatlossesonthetemperatureofa bare

RADIATIONIJXSES

ofconductionendradi-
thermocoupleorresistance

thermometerincontactwitha gashasbeengiveninreference38. l?bis
hasbeenused,inconjunctionwithempiricalinformationsuppliedby
theauthorsofreferencea, to estimatetheseverityoftheseeffects
inthepresentexperiments.

Tobeginwith,theobservationmadeby theauthorsofreference29
inexperimentsinvolvingthefree-moleculecylinderina uniformstream
wasthatradiationlossesfromallwirestestedwerepracticallynegli-
giblebutthatendlossesfromtheirmodelswereserious.Thefirst
conclusionagreesnicelywithinformationontheradiantemissivities
ofironandtungsten(ref.39),givingthemtobe allabout0.1. This
msybe seenbyevaluatingtherelativemagnitudesoftheradiationand
convectionternsinthefullheat-balanceequation(ref.29):

(j+ k)f(s) ~ = a(s)
--[~@4-T.4] ‘m)

AStheworstconditionsencounteredinthepresenttests,take

j = 2 (in a(s),as ineqs.(B2k))

s = 1.4

p=38v H.g=0.I_06lb/sqft (staticpressure)

Vm = l,074ft/sec(mostprobablemolecularspeed)

a . 0.9(accommodationcoefficient)(refs.29and40)

E = 0.1(radiantemissivi~)

Tw = 598°R

Ts = 523°R (tem@ratureofradiantsurroundings)

u= 3.74X1O’10ft.lb/(sqft)(%)4(sec)(Stefan-Edtzms.nnconstant)

—
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Thefirsttermon
hasthemagnitude

25

therightofeqmtion(Al)representsconvectionand
60.2.Thesecondorradiationtermhasthema.mi-

tuae

10ss

(All
case

O.~,thuscausinga 0.7percentorabout4.3°F dropin T;.

It isinterestingtomakea compamioucalculationoftheradiation
downstreamofa normalshockwwteatthisssmeflowsetting.There,

S = 0.536

P= O.M lb/sqft

Vm= 1,296ft/sec

~=554°R

otherquantitiesarethesameas intheaboveeale.) Inthis
theconvectivetermhasthemagnitude24.3,andtheradiantterm

smountsto O.0~, causinga 0.17percentor0.9°F dropin %. Itis
seenthatinthisworstcaseradiationlossescsahavea measurablebut
unimportanteffectontheshockprofile.

In orderto evaluatetheeffectsofendconductionlossesonthe
temperaturedistributionalongthecylinder,anappro-te valueofthe
heat-transfercoefficientdueto free-moleculeconvectionisneededfirst.
T’bisisgiveninreference29ina fmm equivalentto

42
pvma. ,ti f(s)y

4@
(A2)

Thisreachesitsminimumvalue,withinthepresentexperimentalrang:,
attheflowsettingcitedabove.Aheadoftheshock,where T = 336 R,
itsvalueis

~ (0.106)(1,074)(0.9)(16.96)=
(L12)(336)

= 0.466ft-lb/(sqft)(see)(%)

= 2.2Btu/(sqft)(m)(%)
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Downstreamoftheshock,Where T = 490°R,

NACATN 3298

%=

=

To continuewith

~o.34Q)(I,296)(o.9)(Io.72)3,600
(11.12)(4go) 778

3.6m/(Sq ft)(m)(%)

theend-losscalculation,twoformulasarenow
drawnfromreference38. Bothdealwiththet&peraturedistribution
ina cylinderoflength2L,whoseendsareinperfectthemalcontact
withinfiniteheatreservoirsattemperatureTe andwhichexchanges
heatwitha surroundinggas,theheat-transfercoefficientbeingcon-
stantalongthewirelen@h. Introducethe

h heat-transfercoefficientto gas

K thermal conductivityof cyHnder

d cylinderdismeter

symbols

% equll.ibriwntemperatureof cyWxier

TV’ equilibriumtemperatureof cylinderinabsenceof
endconductionlosses

and

Thefirstfo~ givesthecenter-pointtemperatureofa butt-welded
themnocouplemadeofwiresofthessmediameterbutofdifferentcon-
ductilities.Letthesubscripts1 and 2 distinguishbetweenprop-
ertiesofthetwowires,butasswe h tobe thesa& forboth. Then

%-%’= 2Klm1sinhm@)+ashh mlIi)

~’ (%?h+ %2%’)‘m [(ml+%>] -(% -%%) ‘m [(%L-%2>]
(A3)

Te-
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relationisplotted
wherematerial1 is

purposetheconductivity
thatof Constslrbm.
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versusmlL infigure18fortheinteresting
ironandmaterial2 is constantan.Forthis
ofironwastakentobe exactlythreetimes

Thesecondformulagivestheaveragetemperatureofthecentrally
locatedfraction 2bL ofthetotallengthofa monometallicwire,

TV - TV! [tanh(mL)cosh m(l- b)q - [si& m(l- b)L]
Te -~,= (A4)

whichisplottedversusmL infigure18forthecase b . 0.3. shown
forcomparisonisthecasefor,b = O,wkichsimplygivesthecenter-
pointtemperatureofthewire.

A pairof conservativenum&icalexampleswillnowbeworkedout,
forconsiderationofthepresentdata,usingdhnensionsandproperties
oftheactuslthermocouplesandresistancewires.Clearly,theend-loss
effectwillbe greatestwhentheconvectim-heat-transfercoefficient
issmallest,sothepreviouslycalculatedminimunvalue h = 2.2 is
used.Proceedingfirstto thecaseofsm iron-constantanthermocouple
0.002inchindiameter,thefollowingvaluesareused:

K(iron).35 Btu/(hr)(ft)(%)

h = 2.2~U/(hr)(Sqft)(%)

d= I.67x 10-4ft
so

(4)(2.2)
‘(tion)= ~ xl& = 38”8

Thechoiceofvaluesfor L andfor Te islessstraightforward,for
severalreasons.Theactualphysicall..en@hofthewireswasabout
5 inches,butthelengthalongwhichtheflowpropertiesandheat-transfer
coefficientwereconstantwasonlyabout1.5inches.Whereasthetem-
peratureattheendsofthe5-inchlengthisprobablyveryclosetothe
temperatureofthewind-tunnelshell.,itisveryhardto guessa effec-
tiveendtemperatureto applyattheendsofthelengthalongwhichthe
uniformpropertiesprevail.Traversesmadewitha shortthermocouple
probesuchas is showninfigure5 havedemonstratedthattheequilib-”
riumtemperaturefirstrisesastheprobemovesfromthefreest=am
intothesupersonicedgeoftheboundarylayerandthendropsrapidly

. . .. . .—. _ —____ ———- ---—— —.—— ..- ———.
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to a valuecloseto the recoverytemperatureof thenozzkwallasthe
remainderoftheboundarylayeriscrossed.Sincetheonlypurposein
thepresentanalysisisto seewhetherendconductionlossesareimpor-
tant,an arbitzzmyad presmndilypessimisticchoicewillbemadeas
fOllows:

L = 3/4in.= 0.0625ft

~~- ~1 = -30°R

IrlL=2.42

andfrcmfigure18

TW-TW1=OU
G-’%’ “

sothat

Tw-~,. 3.60R

Thesecondcalculationwillbe doneforthesame
andthesameguessasto theeffectivelengthandend
nowfora resistance-wirethermometerwith b = 0.3,
and K = 87IMu/(br)(ft)(%). Withthesevalue~,one

flowconditions
temperaturebut .
d= 2.08X 10-5foot,
maycalculate

/

(4)(2.2)
IIiG= 0.0625

(87)(0.0000208)

l&omfigure18thereiS obtained

= 4.4

%&& = 0.03
1

sothattheendeffectis justaboutoneqparterofthatnotedforthe
thermocouple. Tobe conservative,thisisdoubledto alluwfortheextra
lossesdownthepotentialLeads.

Ihthecaseoftheresistancewire,whichnecessarilycarriesa
smallcurrent,thereisslsoa possibleextraneouseffectbntheequi-

- libriumtemperatureduetotheelectricalheating.Thismaybe evaluated

—.——
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by useofequation
“termintheenergy

29

(B23)ofreference28,whichgivesthecorresponding
equationtobe

4K312~.—
pVma

where

Q i2R=—
YcdIl

R beingtheresistanceofthewirelengthL. Forthepresentcase,

i=

R=

d =

L=

yielding

2xlo-4mq

27ohms

2.08x 10-~ft

0.042ft

Q = 0.39watt/sqft = 0.29ft-lb/(sec)(sqft)

By comparisonwiththefirstcalculationsofthissection,concerning
radiationlosses,itis seenthatthiseffectopposesthatofradiation
andamountsto aboutone-seventhandtwo-fifthsofthelatter%efore
aadbehindtheshock,respectively.

— ——— . — .



30 NACATN3298

APPENDIXB

THEORETICALCAWUIATIONSOFWtKE

w

~ PROFILES

Sincetheonlyhewn methodofcalculatingtheeq~brium tempera- .
tureofthefree-mol.eculecylinderinvolvesdirectuseofthedolecular
distribtiionfunction,thefirststepinthepredictionofthewiretem-
peratureprofileofa shockisthecalculationofthedistributionfunc-
tionateachpointwithintheshock.Themethodsbywhichthisstepis
takenareeitherselectedfromgeneralattacksonthetheoryofnonuniform
gases,suchas the Enskog-Chapman method orthethirteen-mmentmethod,
or speciallyformulatedto describetheshock-wavetransition,as inthe
methodofMott-Smith.Thestartingpointisunanhouslytskento bethe
Mltzmsmnintegrodifferentialequation,whichequatestheratesofchange
inthedistributionfunctionduetotheprocessesofdriftandcollision.
Eachseparatemethodassmesthedistributionfunctionb a moreorless
distinctfomn,inwhichsomeoftheobservablepropertiesofthemean
gasmotionappearasparametersandwhichis capableofassumingtheform
forMaxwellisaequilibriumwithstreamingvelocitywhentheobservable
propertiestakeontheirvaluesappropriatetotheuniformflowsupstream
anddownstreamoftheshock.Thisassmeddistributionfunctionisthen
substitutedintotheMaxwelltransportequationsforthesummational
invariantofan intermolecularcollision(mass,momentum,andtotsl .

molecularenergy),andpossiblyforvariousotherqusutitiesasneeded,
toprovidea setofequationswhichcanbe solvedmibjecttotheshock-
waveboundaryconditionstoyieldthespatialdistributionoftheobse~-
ablepsrametersofthedistributionfunction.(Yhisdescriptionishis-
toricallyincorrectinthecaseoftheEnskog-Chapmsnmethodbutisade-
quateforthepresenttask.) Theseequationsinmeanquantitiesare
simplytheNatier-Stokes,Burnett,orthirteen-momentequationswhich
haveservedasthestartingpointformanytheoreticalpaperson shock-
wavestructureor,intheJlott-Snithcalculations,theyamountsimply
totheRankine-Hugoniotequationsrelatingtheshock-waveendconditions,
plusonespciaJJzedtransportequation.

Enskog-ChapmanMethod,Navier-StoksAppro-tion

ForthecalculationusingtheEnskog-Chapnanmethod,thedistri-
butionfunctionistakenina fonncapableofdescribingbothmonatmic
gasesanda limitedclassofdiatmicgasesforwhichtheexchangeof

“ ener~betweenthetrmslationalandinternaldeweesoffreedomofthe
moleculeiseasy.5is formofthedistributionfunctionwassuggested
by reference37:
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.

Themeanslowpropertieswhichappearasparametersh thisexpression
are n, u, and T. Thenuniberdensityofmoleculesti coordinate
spacen andthemeanflowvelocity~ sredefinedintheusualway
by thefolJowingaveragesoverthedistributionfunction:

%

ThetemperatureT is
ener~ amdisgivenby

proportionaltothemeantotalrandommolecular
theexpression

,

Themeanflowvelocityentersthedistributionfunctionbothexplicitly,

/
h thetermsoftheform ~ ~, andimplicit~,intheq~tity C2,
since

— . ..— . ..—.——.—.- ..-_ _____ _ —— . . . . ——. —.——.—
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(B2)

where~ isthetotalabsolutevelocityofa molecule,~ istherandom
“the- agitation”velocity,and ~x, Ey) - E~ aretheCartesian
componentsofthevector?.

Thedistributionfunction,aswrittenabove,purportsto givethe
nmber density,ina 6 + j dimensionalphasespace,ofmolectieshaving
positionbetween~ and = + ~, velocitybetweenZ snd F + ~, md
internalenergybetweenEi and Ei + dlZ&theinternalenergybeing
theresultofmolecularrotationsorvibrations.Sincethepresentexper-
imentsareconcernedprimmilywithwell-excitedmolecularrotationsas
a sourceofinternalener~,attentionhasbeenrestrictedto‘amolecular
modelwhoseinternalener~maybe assmedtobe ofquadraticfomnin
somecontinuousvariablehavingtherange-~to m in j degreesoffree-
dcm. Ithasbeenassumed,furthemnom,thatthetranslationalandinter-
nal.motionsofthemoleculeareindependent,sothatintegrationsover
translational.velocitiesW overinternalenergiesmaybe freelyinter-
_ed in order.l?heassumptionoftheformoftheinternalenergy
alJmwt3the summations
grationsandleadsto

overtiternal-energystatesto
thefOlloldnglx#?ulfOrmulas:

be replacedby inte-

%-

(B3)

.—. .—
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‘iei=E

Thedistributionfunction(Ill)contaiBsothersymbolsandsome
notationswhichhavenotbeentied”previouslyh
axeconsequentlyEstedbelow:

k Boltzmannconstant

m massofa molecule

P coefficientof shearviscosity

K coefficientofbulkviscosity

~tr heat-conductioncoefficientforrandom

Aint heat-conductioncoefficientforrandom

this I’epOI’t andwlhich

translstionsllenerfg

internal.energy

%f3J7 tensorinMces,usedwithconventionof sumationover
repeatedindices

8@ I&oneckerdeltafunction;1 when a = ~ andO when a +$
Thefirststepinthetheoreticalpredictionofthewiretemperature

profileofa shockwave,thedeterminationofthespatialvariationof
theparametersn, & and T, istakenby substitutingexpression(Ill)
intotheMU@KL transportequations(refs.17and18)forthequsn-

&2+ Ei,wheretities~, m~,and z 52= gx2+ EY2+ ~z2. Allintegra-
tionsandsummationsmaybe easilyperformed,andtheprocedureyieldsthe
familiarconservationequationslmownastheNavier-Stokesequationsfor
a compressible,viscous,heat-conductinggas. Theseequationsarespe-
cializedhereforthecaseofa one-dtiensional,steadyflow:

.— — -. —. —.. ..—
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L(nmu)=o
ax

{( -.)+”[~-(>’+’)a}=oj_mj+3kT+l 2d
ax 7-T 2

I(B4)

in which

Each
withS-

h= A~t+Atr= Totalheatconductitiw.

oftheseequationsmaybe integratedonceimmediately,yielding,
regroupingoftermsinthethirdequation,

nmsl=M
1

() \d“mlu2+nld - $P+K==P

*mllJ+*(j+5)m-
()
*v+ Ku*- ~d&:

J

}

(B5)

Here M, P, and Q areconstantsoftheflow(notethatthis M isnot
theMachnumber),whichwillbe usedinformingthefollowinglistof
dimensionlessvaris%les(ref.15):

V=lfup. 1
T = M?W/P%

r = miP/M2
I

a= M!@ J
andthetworeferencelengths

1

()L=$!@~

k?mLt=— —
15kM

1

(E5)

.

—.
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Intermsofthesevariables,equations(B5)maybewrittenas

rv= 1

35

(El))

Thefirstofthesemaybeusedto eliminater intheothertwo,which,
whenrearrangedslightly,maybewrittenas

Theboundaryconditionssubjectto
fora shockwaveen

av=cm=~
dxdx

v2+(j+3)T-a 1 (B9)

whichequatio~(B9)mustbe solved

at x=*m (Blo)

Impositionofconditions(BIO)uponequations(B9)yieldssimplesM-
tsmeousslgebraicequationswhichmaybe solvedto displaytheRankine-
Hugoniotequationsh termsofthepresentvariables.‘Theresultsare

1v=;= 2(:+4)!’+5)*4
T 1= [( )

1

J2+Q+15T2E-E,
4(j+ 4)2

-1

(E@

inwhich
sign,to
strength

theuppersignpertainstotheupstreamlhit andthelower
thedownstreamlimit,@ inwhichthereappearsa newshock-
parameter

_.-. ._. .——_ - .-
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= =~(,+5)2-4(, + k,a

whichisrelatedto theinitialMachnumberby

(j2+ 8j+ 15)c= )
(j+ 3)+ (j+ 5)M12

(Bw’) ,

(=3)

Themethodsofreference15willbe continuedherewiththeintro-
ductionofnormaUzedvelocity&d temperaturevariablesw and t,
whichrunfrom1 to -1andfrom-1to 1,respectively,astheshockis
traversedfromupstreamto downstream.These’newvariablesaredefined
bytheequations

1

‘ P+5)MI‘=2(j+4) .

(B14)
1

T = k(j+ 4)2[( IIj2+8j+15)-e2+2et

Ifequations(B9)srerewrittenintermsofthenormalizedvariables,
smdH thesecondequationisthendividedbythefirst,thedistance
variablex iseliminatedandthedirectionfieldequationforthe
velocity-temperatureintegralisobtainedintheform

&=, [2(j+3)(t+w)+&@[(3+5)+ml
dw 2(t+ w) -

inwhichthedimensionlessparameter
numberby

,(1-$)

O isproportional

(B1-5)

tothePrandtl
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or

(B16)

Forthepurposeofthepresentcalculations, equation(I@)maybe
integratednwnerica13y,withthesaddle-pointsingularity(refs.15
and16) W = -1, t = 1 as initialpoiqtandwithinitialslopedeter-
minedfromequation(EU5)by L‘Hospitsl’srule.Forthepsrticukrinte-
grationswhichwerecarriedout,itappesredentirelysatisfactoryto
takeincrementsof & = 0.1,withanoccasionalneedforfinersteps
astheupstreamlimitwasapproached.TheI?mndtlnumberwasusually
consideredconstantthroughouttheshock,-althoughnoessentialclifficulty
andMttle additionalworkisinvolvedinusingtheempiricalvariation
ofPrandtlnunberwithtemperaturefortbeparticulargasconcerned.

Hawingfound t asa functionof w withintheshock,w may
nowbe calculatedasa functionof x by a secondnumericalintegration,
thistimeofthemomentmneqyation(firstofeqs.(B9)),whichnow*S
theform

Beforethisis
tancevariable

dom, itiS
y, defined

=2(t+w)-el-w2)
(j.t5)+Gw

interestingto introduce
by

(B17)

a dimensionlessdis-

(R18)

—.—— ————— —.
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...

inwhichthereferencelength& istobe evaluatedata temperatureTx
whichhasherebeenchosenas

j+3TTx=—
j+k”

(B1-9)

To being,thereservoirtemperatureassociatedwiththeuniformflowat
eith& endoftheshock.Thischoiceisentirelyarbitraryandiscon-
sideredappropriatetothepresentinvestigationbecausethisvalueof
thetemperatureisreachedatornearthepointofmsximumshearstress
andbecauseitisverynearlya constantforeachgastestedinthewind
tunnel,whichoperatesatessentiallyconstantTo.

Thechoiceof y asa dimensionlessdistanceis suchthatthe
limitingprofilefora shockof zerostrengthhasa particularlysimple
formintelmlsofw and y. W fozmisindependentof j, Pr,the
temperaturedependenceofviscosity,theparticulardependentvariable
(i.e.,velocity,temperature,ordensity),andtheschemeofcalculation
(i.e.,Navier-Stokesorthirteen-moment)andisequivalenttoTaylorts
earlysolutionfortheprofileofa vanishinglyweakshock.Thus,as e
tendstowardzero,theshockprofilebecomes

Y ()s$log+Q
l+W

.

(2320)

d-y

for

As a finalstepprevioustothenextintegration,equation(B17)
be rewritten’intheform

(h4

()

~+—
= j+k P 3 (j+5)+m

()
‘+52+(3+3) ~m:+– ‘t2(t + w)- .(1-#) ‘w ‘Ba)

ratio‘IL*=Ip px maybe calculatedfrmntabulatedviscositydata
thegasandtemperaturesinvolved,oritmaybe appro~ted by some

simpleempiricalfittingformulasuch-asthepowerlaw

a

()

~

k= T*
(B22)

d

—
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Thechoiceof
calculations

zeropointfor y isentirelyarbitrary;inthepresent
y wasusualdytakentobe zerointhevicinityofthe

~um dw/dyJandthenwnericalintegrationproceededupst&m and
downstreamfrm thatpointbyuseofthetrapezoidal.rule,whichseemed
stificientlyaccurateforthisapplication.

Thespatialvariationoftheparametersofthedistributionfunction
havingthusbeenfound,thecalculationoftheequilibriumtemperatureof
thefree-moleculecyldnderproceedsby directapplicationandetiension
oftheanalysisofreferencen. Thedistributionfunctionusedhereis
somewhatdifferentfromthatemployedinreference~, butthearguments
d analysisareidenticalandwillnotbe repeatedhere. Thefind
eqyationforthesteady-stateener~balanceonan insulatedcylinder,
witheqxil.accormmdationoftranslationalandinternal.molecularenergies
tothetemperatureofthewire,canbeputintheform

Thenewvariableswhichappearare ~, thewiretemperature,and s,
themolecularspeedratio.T& coefficientfunctionsare:

a(s)=

b(s)=

c(s)=

d(s)=

e(s)=

f(s)=

g(s)=

h(s)=

i(s)=

[a4+(,+7)s’+,+qIo+[’s4+ (,+5)sqIl -

{[ 1*““2+(41.+@2-(3J+4%
{[ 1 .1~5s2+(j+ 6)10+ 5s211
2

[ 1+ S) S21. + (J+ U-)ll

( )~10s2~ +10s211
5

(s’+ +0+s’q

it. -~J
&I20

( );s’Io - s’q

(B24)
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()l.=lO<

arethemodifiedBesselfunctionsofthefirstkind,of zerothandfirst
orders.Thespeedratio s islmownateachpointintheshock,being
definedby

(B25)

Equation(B23)sufficesforthecalculationofthewiretemperaturepro-
fileoftheshock,sinceallqumtitiesexcept~ areknown.Forpur-
posesofcomparisonwiththevelocityprofile,orwithexperhnentalwire
-~t~ profiles,Tw ismadedimensionlessandisnormaMzedto
runfrom1 to -1by thedefinition

Tw - TW2
+=2 -1

~wl- TW2
(B26)

Thesubscripts1 and 2 refertoupstresmsaddownstreamlimitvalues
here,asthroughcmrbtherestofthisreport.

Thiscompletesthepredictionofthewiretemperatureprofileofa
normalshockwave,accordingtotheNavier-Stokesequations.Curves
of w andof ~ versusy havebeencalculatedfora numberofcon-
ditions,asnotedintableII.

Itmy be interestingtonotesomenumericalmagnitudesofthecon-
tributionsto thewiretemperatureduetothenon-llsxwelliantermsof
thedistributionfunction.Forthispurpose,usemqfbemadeofthe
approximatefokmula

TV =s1+ Kl(s)~’+ ~(S) --&
T

where TVo isthewiretemperatureina gaswithMaxwelliandistribu-
tionfunctionand K1 and ~ arecomplicatedfunctionsofthespeed
ratio s. Thesecondandthirdtermsontherightarethefractionalcon-
tributionstothewiretemperaturedue,respectively,to stressandheat

*

——— —-..
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flux. Thesetermsreacha mxdmunabsolutevalueinthevicinityofthe
centeroftheshock,atwhichpointa fewtypicalvaluesareasfollows:

Forheliumat Ml = 1.61 (Navier-Stokes):

[ IH’KJs) & = -0.036

Forheliumat Ml = 1.82 (Navier-Stokes):

[

Kl(s)

[ 1-K@ ,*- = -0.054

Forairat M1=l.89
( )
Navier-Stokes,~ = $ v :

[ 1=Kl(s)~ = 0.041

Forairat MI=
)

3.68 (Navier-Stokes,‘tt=$P :
,.

. . ...

[1P=
K1(s)~ =09139 ~’. ‘ .-

.

[%(s)-&~

..
=-0.137.”’. - -’ .,

. .
.

. .

.. k’ . .
_. ————-_—.— ~.— —— — -—— -— ———-_ .—
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Evidentlytheeffectsof stressp= andheatflux qx aremutually
opposing,sothatthecombinedeffectuponthewiretemperaturefrequently
understatesthesignificanceoftheindividualterms.

Itisinterestingto notethenecessityforguessinga vslue
of Xint/Aforairin orderto calcuktethe % profile,whereasno
suchneedaroseinthecalculationofthevelocityprofile.Thisoccurs
becausethetotalheatfluxenterstheenergyequationforthegasalone,
whilethefluxesofrandomtranslationalandinternslmolecularenergies
Playqtiteseparaterolesintheenergyexchangebetweenthegasand
thecylinder.Theguessmadeisentirelyantiormed oneandsmounts

tr ~ Afit h th S-to takingtheheat-conductioncoefficientsA
proportionastheaveragerandomener~ contents3M!/2 and j~. It
isfortunatethatthecalculatedvalueof ~ ‘isnotverysensitiveto
theexactratiooftheconductivities.

Anotherinterestingobservationdrawnfrmuthesecalculationsis
that,up.toa Machnumberof2,thedcminantternsinequation(B23)
are a(s) and f(s),thetermswhichwouldresultifthewire-temperature
calculationwerebasedsimplyupona distributionfunctionofMaxwelldan
formwithparameters n(x) and T(x),whosespatialvariationisdeter-
minedby theNatier-Stokeseq~tions.Thecontributionsoftheterms
involvingvelocityandtemperaturegradientsinequation(B23)becane
increasi@Iyimportantastheshockstrengthincreasesandaredefinitely.
significantwithintheMachnmnberrsmgecoveredexpertintally.

Thirteen-MomentMethod

TIEdistributionfunctioniswritteninthefonn(ref.18)

() 3/2
f I-mC2ZW!

[ (]
PO ‘cac~+ ~ ‘CamC2 ~

‘n& e 1+2p w ‘——- (B27)pmm

Theadditionalparameterswhichdistinguishthisexpressionfromthe
correspondingoneinthellnskog-Chapoanformulationare pa~,thediver-
gencelesspartofthestresstensor,and ~ theheat-flux-vectorccm-
ponent.Thesenewvariablesareconsidendtobe independent,rather
thanexpressibleintemnsofvelocityandtemperaturegradients,andtheir
presencereq@restwoextraequationsinadditiontothoseexpressingcon-
servationofmass,momentum,smdenergy.Theseextraequationsare
obtainedfromtheMaxwelltransportequationsfortheqpautitiesCacp
and CaC2 by themethcdsdescribedinreference18. Thesymbolp is

.= —.—— —.—
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introducedas
thermodynamic

anabbreviationfor nkT andmaybe identifiedwiththe
pressureandthemeannormalstressat a point,sincethis

entirerepresentationisintendedonlyfora monatomicgas.

Thepredictionofthenormal-shockvelocimandtemperatureprofiles
by thethirteen-momentmethodhasbeencarriedthroughinreference15,
sotbnttheanalysisneednotbe repeatedhere. Theonlydifference
betweenGrad!scalculationsandthosedoneforthepresentreportlies
ina slightlyd3fferentchoiceforthereferencetemperatureT+.

Thecalculationofthewireequilibriumtemperaturefold.owsthe
ssmelinesas inthelastsection,beinginthiscase@te identical
totheanalysisofreference30. Thesteady-stateenergy-balanceequation
analogousto equation(B23)is

a(s)-+b(s)~+ d(s)~
4%=

f(s)+ g(s)y+ i(s)~
(B28)

Thecoefficient
thoselistedin

functionsa(s),b(s),andsofortharethesameas
equations(B2k)forthecase j = O.

Thismethodwasusedto cslculatethe ~ and w profilesof just
‘oneshockwave,forheliunat Ml = 1.61$ G=l.5, Pr= 2/3,~d

p a TO”663.ThecmparisonwiththecorrespondingNatier-Stokespre-
dictionis showninfigure16.

According
imaginedtobe

Mott-%ithMethod

totheMott-&aithmethod,thegaswithintheshockis
a mixtureoftwofamiliesofmolecules,onehavingthe

mefivelocityandtemperatureofthegasupstreamoftheshockandthe
otherhavingthemeanvelocityaudtemperatureofthegasdownstream.
Theproportionsofthemia areallowedtovarywithdistancethrough
theshock,ina mannersatisfyingtheshock-waveboundaryconditions
plusa ratherarbitrarilychmentransportequation.Thedistribution
functioniswrittenas

-—— .—— —— —-— _ _ .— . .- -.———z .—— -
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f
3,2e-@X-uI)2+~y%2] ,

=

()
nl(x)*

(B29)

Themethodusedto detemine nl(x) and ~(x) isamplydescribedin
reference13. Substilmtionofdistributionfunction(B29)intothe
Maxwelltrsmsportequationsformass,mcmentum,andenergyyieldsthe
Rsnkine-Eugoniotequationsrelating~ ,and T2 to U1 and T1. The
variationof n with “x isdeterminedby solvinga Maxwelltransport
equa.timforsomequmtitywhichisnota sumnationalinvariantinthe
collisionintegral.Mott-Smithchooses,forconvenience,theqpan-
tity ~x2,oralternativelyEX3,andevaluatesthecollisionintegral ‘
forrigidspheremolecuksmd forSutherlandmolecules.Whateverthe
choiceoftheqpantityusedintheextratransportequation,thesolution
fortheshock-wa~velocityprofilecanbeputintheform

where B isa function
temperaturedepeniience,

Rx o—=10 =
2 (B30)

l+W

oftheinitialMachnumberandtheviscosity-
aswellas ofthechoiceoftransportvariable.

Mott-Smithfeelsthatthesolutionobtainedis sufficientlyinde~ndent
ofthelatterchoicetobe a significantapproximationto a solutionof
thecompleteBoltmnanneqgation.

Thecalculationof ~ fromdistributionfunction(B29)hasnot
beenperformedpreviouslybutisa verysimpleextensionofthecalcula-
tionforthewireina uniformstresm.Thesteady-stateener~-balance
equationbecomes

I
2,-s1

nl(x)e
[()
TlaS1 - (j+ 4)TwfS1 i-

IE (j

(B31)

.
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Thecoefficientsa and f areagainthesame
eqxations(B24).Theequationonthepreceding

45

functionsaslistedin
pagemaybe solved

for ~, fromwhichthedimensionless,normalizedvariabletw maybe
fonned:

+4
-%=

~2 -(s22-s12)f(~2)-1

(B32)

r
2nl(x)+ n2(x)q e

()
f s~

ThetransformationfrcmthedimensionlessabscissaBx/7 tothe
variabley usedinthepresentpaperis~rformedasfollowsforthe
Sutherlandmolecularmodel,whichisconsiderablymoreappropriateto
thepresentpurposesthanistherigidspheremodel:ByMott-%ith’s
definition,

‘=* nl=n(x)atx=~

Fromreference17,page18k,theviscosi~accordingtotheSutherland
modelis

P r.5 mW T
16& z-m

Thus,theratioofthereferencelengthL* toMott-Suith’sreference
lengthZ is

(B33)

.

ThenewsymbolS representstheSutherlandconstantfortheparticular
gasofinterestandisdeterminedbybestfitoftheexper~ntalvis-
cositydata. Cagparisonofequations(B30),(B31),and(JIL8)yields
theMott-Smithshockprofileintermsof w and y:

()~+ln()j+4 4p
Y=— j+52+(j +3)

(;+;)FJIWO~(=)
(B34)

——---- -.———. ——. — .— —- —-- .— —— —z ———.-.——-
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~ functionB(M1)istabulatedforthe ~x2 transportandthe
Sutherlandmcxlelinreference13. Theintroductionofviscositycoef-
ficientsandPrandtlnwiberintotheshock-profilespecificationin
thiscaseis onlyan artificialdeviceallowingcmparisonwithshock
profilescalctitedby othermethods,sincethesemacroscopicgasprop-
ertiesdonotentertheMott-&ithmethod.

Thismethoahasbeenappliedheretothecalculationof shocksin
helim at Ml = 1.61 (e= 1.5)and Ml = 2.82 (E= 1.77)andinair
at Ml = 1.89 (G= 3)and Ml= 3.70 (e= 4.4-0),theresultsbe-
showninfigures15(a)to 15(c)and16.

.

.
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.

APPENmX.c

EQU3ZEIRIUMTmmMTmE OFA FREE-MOIWUIW

INA DIATCMICGASWITHROTATIONALRELAXMHON

Sincetheeqpl~briumtemperatunofa free-moleculecytir is
considerablyhigherina monahmicgasstreamthanina diatomicgaswith
thesamevelocityandtemperature,thefo~owingcalculationhas.been
carriedouttopredictthetemperatureofthecylinderina diatanicgas
whoseinertdegreesoffreedomareoutofequilibriumwiththetrans-
lationaldegreesoffreedom.An applicationoftheamlysisismadeto
thehypotheticalcaseofa cyldnderplacedjustdownstreamofthefirst
zoneofa nomal shockwavefollowedby“arotationalrelaxationzoneof
comparativelyinfinitelength.Thisistheshockwhosepropertieshave
beenanalyzedinreferences20,21jand22.

.
Thedistributionfunctionfortherelaxingdiatdc moleculesis

takentobeMaxw&CUauinform,anditisassumedthatitmaybe factored
intoa translationaltermanda rotational.termasfollows:

(cl)

—
s

where KS istherotationalener~ ofa moleculeinthesthrotational
state.Thisisthestandardapproachtothefree-molecule”analysisof
uniformpolyatomicgasflows(ref.28),theonlydifferencebeingthat
it isnowproposedto assignclifferentvaluesto thetranslationaltem-
peratureTt andto therotationaltemperatureTR. Inaddition,separate
acconmmdationcoefficientsfortranslationalandrotationalenergies%
and aR areintroduced,definedby:

%i - %r

‘=%i-%w

%-%

‘=%i-%w

.-. ._— —.— .—._._— .—
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d

h eachofthesedefiningequationsdE representscm averageener~
fluxcrossinganinfiniteshnalsectionoftheinterfacebetweengasand
solid,thefirstsubscriptindicatesthetypeofmolecularenergy(trans
lationslorrotational),smdthesecondsubscripthasthefollowing
mesmings:

i prtaining to

r pertainingto

w pertainingto

incidentmolecules

reemittedmolecliles

hypotheticalmoleculesbeingreemittedin
Maxwellkeq&&briumattemperatureOF solidwall

Sincethe T!’sand a’s aretakenas constantsintheproblemof
determiningtheequilibriumtemperatureofa cylinder,thesemodified
conceptshavem effectontheintegrationsovertheener~ spacesand
sroundthe circumference
framthecalculationsof
nomenclatureofap~ndix

+=.

ofthewire.
reference28
B:

% a(s)

‘% %+q f(s)

Thedesiredresultsmaybe drawn
sadwtllbe expressedhereinthe

.

(C2)

b thisequationthemolecularspeedratioisbasedonthetranslational.
temperatureaJone;thatis,

Thespeed-ratiofunctions
tions(B24), with j = O.

Variousspecialcases
therelativemagnitudeof
that,ifthegasmolecules

s u=—

r
(C3)

2Wt

a(s)smd f(s) srethosegiveninequa-

obtainfromdlfferentass-ions concerning
qandq. Forinstance,onemightargue
requireanenormousnumberofcollisionssmong

themselvesinorderto restoreeqdpartitionofener@betweentrans-
lationandrotation,& rotationalenergymaybe negligiblyaccommodated
tothetemperatureofan imersedsolidsurface,sothatapproximately
%/% = 0“ Thentheenergybals.ncewouldreduceto

% 1 a(s)—=—
4 f(s)%

whichissimplytheresultforamonatomicgas.

(C4)

.

-. —
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IY,ontheotherhand,onesubscribestothenotionof
culebe~ momentarilyabsorbedby a so~d surfaceandthen
withlittleornomemoryofitspasthistory,itmsyappesr

kg

a gasmole-
reevaporated
thata col-

lisionwiththecyldnderis sufficientlymo~ serio&~= a simplecol-
ldsionbetweengasmoleculessothatthereluctantr~tationalenergymay
be acc-odatedaswell.asthetranslationalener~. settingq=%
bringsaboutthespecialener~-bsbnceequation

TV
lQ+L%—=-

!rt 6 f(s) 3 Tt
(C5)

Withoutattemptingat onceto decidewhichofthesehypothesesseems
themorereasonable,bothmaybe appliedtothepredictionofthecylinder
equilibriumtemperatureina flowwhere ~ isthetranslationaltem-
peratureimmediatelydownstreamofa shockwhichwastoosuddenfor ~
to havemadeanyappreciableadjustmentawayfromitsupstreamequilibrium
value. Theresultwillbe comparedwiththetemperaturewhichthecyl-
inderwouldhavebehinda shockinitiatingwiththesameupstreamcon-
ditionsbutdisplayingnorotationalheatlag.

/
Theratio~ Tt and s forthestationimmediatelybehindthe

firstshockfrontmustbe ccmputed.Since~, theequilibrium-state
temperatureupstreamoftheshock,isalreadyhmwn, theunlmownsare T+
and u. Theymsybe calculatedalgebraicddyby consideringone-
dimensionalflowthrougha planeinwhichthespecific-heatsratioof
thegaschangesfrom7/5to 5/3,withmass,momentm,andenergybeing
conserved.A convenienttechniqueemployingpubl&hedgas-dynamics
tablesisasfollows:

(1)CorrespondingtotheinitialMachnumber~, calculatea
“monatomic”MachnumberMm by

(c6)

%Cnudsen(ref.41)reachedthisconclusionforhydrogenand
platinum.

.-. ..__ __—_ ____ .—.—.—._ ... —— __ ——— ——
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(2)Iaokup ~21Tt1 and ~ oppositeMh intablesofnormal-
.

shockfunctionsfora monatomicgas. Thenthequantitiesneededforthe .
problemareobtainedsimplyfrom

sinceTm = Tm = Ttl and

(C7)

(c8)

(3)CalctiteTW Tt2 fromequation(C4)orfromequation(C’j).
/

(4)Suppose
SOthat Ttl/To
a diatomicgas.

thattheupstreamflowhasa stagnationtemperature
can%e foundoppositeMl inadiabatic-flowtables
Then ~ maybe referredto To by theequation

‘% % %2%.=— ——
To Tt2Tt~To

Forcomparison,~/T. forthecasewithnorotationallagmay
readfromfigure11 oppositethe
functionof Ml indiatcnnic-gas

MachnumberM2,whichisgiVenasa
normal-shocktables.

To
of

be

m this msanertheratio~/T. versusMI hasbeencomputedand
graphedinfigure17forthethreecases(a)withnorelaxationzone
behindtheshock,(b)withanextendedrelaxationzoneandwithzero
accommodationofrotationalmoleculareneratothesurfacetemperature
ofthewire,and(c)withre-tion andwithequalacccmmxiationof
rotationalandtrambtionalenergies.

.—

.
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Nozzle

6

6

6

6

6

6

8

8

Gas

HeHuu

HeElx

Air

Air

Air

Air

Air

TABLEI

SUMMARYOFFLOWPROPERTIES

[ 1Assumedstagnationtemperature,530°R
L

?lowrate,
lb/&

2.88

3.84

2.6

3.9

5.2

7=7

5.2

10.3

Ml

1.72

1.82

1.78

1.85

1.90

1.98

3.70

3.91

%ean freepathaheadof

Puy
E

Il.b-secft3

1.650.000312

1.77 .000390

2.79 .000268

2.94 .000380

3.02 .000483

3.15 .000670

4.40 .001280

4.46 .002058

(
shock,Al = ~

2

J

Al,
ft

(a)

].00232

.00189

.00254

.00182

.00146

.00106

●000513

.000305

L-w
ft
(b)

).00108

.000864

.00184

.00130

.00102

.000736

.000386

.000240

y/x,
fyl

(c)

174

233

ly#

230

ml

434

1,157

1.886

4-cForhelium,y = — —= forair(Bulkviscosity= Two-thirds
35h’
27 EXshearviscosity),y = — —.
266&

.. ——.. --—..——.—. —— –.—— .—— ——— –—–.— -–—. ———
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Gas

41elilml

%eliwn

aAir

ah

TAJ3ZED

THEORETICALSHOCKPROFILESACCORDll?GTO

%

1.61

1.82

1.89

1.8g

3.70

3“.70

3.70

3.70

NAVIER-STOKESI!QUATIONS

E

1.5

1.78

3

3

4.4

4.4

4.4

4.4

—

3
—
o

0

2

2

2

2

2

2
—

Pr

2/3

2/3

3/4

3/4

3/4

3/4

3/4

%(T)

+

o

0

0

2/3

o

4/9

2/3

o

/
,int ~

o

0

.2/5

2/5

2/5

2/5

2/5

2/5

u(inpa d“)

0.663

.663

.76

.76

.76

.76

.76

bP(T)

2 transport,ald.sotreatedbyMott-Ehiththeory,Ex
andSutherlandmolecules.

%h@rical vsxiationwithtemperature(refs.~ “
and35), T+ = ~1.~ R.

.
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(b)Thermocouple.

Figure6.-EquiHbrium-temperatureprobes.
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no.5 shockholder,dialgage,andwiringforresistance
thermometer.
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